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The complex systems that constitute our living planet make me wonder about land use futures. The 
growing scarcity of natural resources imposes on us the need to find new strategies for living on Earth, 
no longer as an absolute and unbreakable structure, but as a conditional and fragile dynamic system. 
Moving forward in this direction depends on our current actions and choices towards a sustainable 
pathway. Therefore, understanding the complexity behind land use change is fundamental, and 
bioenergy is a key current and future element in this context because of its multiple relationships with 
agriculture, energy and the environment.  
This thesis offers a contribution to scientific knowledge by proposing a new way to assess the 
sustainable use of our land resources, globally and regionally, taking bioenergy as a central element of 
investigation. It was prepared for those interested in developing strategies on food security, forest 
conservation and bioenergy, whilst also tackling climate change. It represents the compilation of years 
of doctoral research and the end of a pleasant PhD at Imperial College London. This academic 
experience gave the opportunity to participate in some collective research of great importance to my 
thesis, as well as to write several publications, review papers for scientific journals, teach and attend 
several courses, organise conferences and make presentations, and found and chair the Imperial College 
Brazil Forum, which were all very gratifying experiences. These and the appropriate references are 
described in Appendix 1, but I would like to point out the most important ones and some previous 
working experiences related to this research in order to contextualise the chosen topic.  
When I started my PhD at Imperial, I worked on a project assessing bio-based negative emission 
technologies (led by Professor Nilay Shah), such as Bioenergy with Carbon Capture and Storage (BECCS), 
Afforestation/Forestation and Biochar. This experience encouraged me to work on subsequent projects 
at the College. Some examples are: The Availability of Sustainable Biomass for Use in UK Power 
Generation (led by Dr Jeremy Woods), in collaboration with Drax Power; and a major project called 
Halving Global CO2 Emissions by 2050 - Technologies and Costs (led by Professor Shah), in partnership 
with the Areva Group. I was then involved in a project on Biofuels for Climate Change Mitigation (led by 
Dr Woods), commissioned by the Global Environment Facility (GEF).  
After these experiences, I joined a key project in terms of my research called the Global Calculator 
Project, which gave me new academic skills and insights for improving the thesis. This project is an 
international initiative led by the UK Department of Energy and Climate Change (DECC) and co-funded 
by Climate-KIC, a Climate Knowledge and Innovation Community of the European Institute of Innovation 
and Technology (EIT). The project leader is Mrs Sophie Hartfield and the lead modeller Mr Tom Bain, 
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both from DECC. The project comprises several sectors, and I have been responsible for leading the 
Land, Food and Bioenergy Sector and the Greenhouse Gas Removal approach, including their modelling 
activities, along with my colleagues from Imperial (Dr Woods and Ms Nicole Kalas) and some partner 
institutions: Rothamsted Research, PIK-Potsdam, University of Oxford, Reading University, Institut Pierre 
Simon Laplace, and Utrecht University. Thus, this thesis also contains contributions from collective 
initiatives that I was deeply involved during my PhD.  
In fact, my research interest in the complex systems of land, food and bioenergy started long before I 
commenced my PhD. When I was still an undergraduate student of Agricultural Engineering in my 
hometown, Curitiba, I began to feel that I should study network theory and energy issues in greater 
depth. At that time, I was reading some books about systems thinking, graph theory, networks, entropy 
and the global dynamics of natural resources. I then moved to São Paulo to take an MSc in Energy, 
including an academic sojourn in Paris, with lofty aspirations in mind. In my dissertation, I presented a 
methodological approach for integrated energy planning, particularly for the strategic use of thermal 
energy in Brazil. I also started physics to complement my education. These experiences prompted later 
initiatives when I worked for the Brazilian government, in Brasilia, which also contributed to my thesis. 
In Brasilia, I had the opportunity to work on energy and climate change strategies as a UNDP consultant 
to the Brazilian Ministry of the Environment (MMA).  
However, it was not until I moved to the Ministry of Agriculture, Livestock and Food Supply (MAPA) that 
I gained major experience of bioenergy. At MAPA, as Director of the Department of Sugarcane and 
Agroenergy, I became very involved in the bioenergy sector, and such experience informed this thesis. 
For example, at that time I led the Sugarcane Agro-Ecological Zoning Programme, a key methodological 
reference for my thesis. Another relevant factor in this research was my participation in the negotiations 
of sustainable bioenergy criteria and indicators at the Global Bioenergy Partnership (GBEP), the 
consolidation of a large biofuel database at MAPA, and the promotion of international bioenergy 
partnerships with several countries, among other initiatives. I also had the opportunity to undergo 
official training on climate change in Tokyo, and prepared a public policy proposal to MAPA called 
Agricultural Platform for Climate Change, which served as an internal blueprint for the Low Carbon 
Agriculture Programme. Although I was still happy working in Brasilia, I was also missing the science 
world and decided to resume my academic journey by taking a PhD at Imperial College for a different 
global perspective.  
I hope this thesis motivates you to draw new reflections on this fascinating research topic. I would also 
encourage you to explore the references used, which may be useful for developing new research on 





The Limits of Bioenergy: A Complex Systems Approach to Land Use Dynamics and Constraints 
This thesis aims to use a novel methodology to obtain an understanding of the potential limits of 
bioenergy by using a complex systems approach for assessing land use dynamics and constraints. 
Although bioenergy is classified as a renewable energy source, land is a finite resource and its expansion 
limited. The anthropogenic demands on land result from a combination of multiple provisioning 
services. These include global food consumption, dietary preference, crop and livestock yields, land use 
integration, wastes and residues, and bioenergy yields and forms, as well as the allocation of surplus 
land for forestry and energy crops, and the potential role of negative emission technologies. Thus, 
bioenergy is just one part of a complex land-use system. The general hypothesis is that there are 
fundamental limits to the overall scale and rate of the sustainable expansion of bioenergy, which can be 
assessed by means of combinations of empirical data, mapping tools and complex systems models. To 
this end, a novel methodological approach is proposed, which is based on a combination of two original 
models. The first one is termed the Global Calculator Land Use Change Model (GCLUC), developed as 
part of the Global Calculator Project, in which land is freely allocated worldwide and food security is 
assumed a priority. The second considers land for dedicated energy crops as a delimited reserve, by 
integrating Hubbert’s curve principles (originally proposed for peak oil assessments) in agro-ecological 
zoning schemes (as recently done for sugarcane ethanol in Brazil), resulting in a new model here termed 
green-Hubbert. The results show ranges of bioenergy potentials and expansion rates in the context of 
different land use futures. The potential public policies necessary to support sustainable bioenergy are 
also discussed. Finally, the conclusions show that, indeed, there are fundamental limits to bioenergy, 
and these limits are dynamic over time. 
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EIT: European Institute of Innovation and Technology 
EJ: Exa Joules, i.e., one quintillion Joules (1018 Joules) 
Embrapa: Empresa Brasileira de Pesquisa Agropecuária (Brazilian Agricultural Research Corporation) 
EOR: Enhanced Oil Recovery 
EPA: US Environmental Protection Agency 
EROI: Energy Return on Investment 
EROWI: Energy Return on Water Investment  
FAO: UN Food and Agriculture Organization 
FCO: UK Foreign and Commonwealth Office 
FCR: Feed Conversion Ratio 
FOLU: Forest and Other Land Use 
FSU: Former Soviet Union 
FT: Fischer-Tropsch process 
GAFSP: Word Bank’s Global Agriculture and Food Security Program 
GBEP: Global Bioenergy Partnership 
GC: Global Calculator project 
GCLUC: Global Calculator Land Use Change model 
GDP: Gross Domestic Product 
GE: General Equilibrium model 
GEF: Global Environment Facility 
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GFRP: Word Bank’s Global Food Crisis Response Program 
GGR: Greenhouse Gas Removals 
gH: green-Hubbert model 
GHG: Greenhouse Gases 
GIS: Geographic Information System 
GMST: Global Mean Surface Temperature 
ha: hectares 
IBF: International Biofuels Forum 
IBGE: Brazilian Institute of Geography and Statistics 
IEA: International Energy Agency 
IFAD: International Fund for Agricultural Development 
IFPRI: International Food Policy Research Institute 
IISc: Indian Institute of Science 
iLUC: indirect Land Use Change 
IPCC: Intergovernmental Panel on Climate Change 
IPTS: Institute for Prospective Technological Studies at JCR 
IRENA: International Renewable Energy Agency 
ISO: International Organization for Standardization 
IUCN: International Union for Conservation of Nature 
IWRM: Integrated Water Resources Management 
JCR: European Commission’s Joint Research Centre 
JICA: Japan International Cooperation Agency 
Land/Bio/Food: Land Use, Bioenergy, Food Security and Forest Conservation Sector 
LCA: Lifecycle Analysis (aka Lifecycle Assessment) 
LCS: Low Carbon Scenario 
LDP: Local Development Plans  
LMS: Low Mitigation Scenario  
LSE: London School of Economics and Political Science 
LUC: Land Use Change 
LUCP: Land Use Change Peak 
LUP: Land Use Peak 
MAPA: Ministério da Agricultura, Pecuária e Abastecimento (Brazilian Ministry of Agriculture, Livestock 
and Food Supply) 
Mha: million hectares 
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MIT: Massachusetts Institute of Technology 
MMA: Ministério do Meio Ambiente (Brazilian Ministry of the Environment) 
MME: Ministério de Minas e Energia (Brazilian Ministry of Mines and Energy) 
MSM: Municipal Solid Waste 
MUV: World Bank’s Manufactures Unit Value Index  
NET: Negative Emissions Technology 
NGO: Non-Governmental Organisation 
NIPE: Interdisciplinary Centre of Energy Planning at the University of Campinas, Brazil 
NPP: Net Primary Production 
ODA: Official Development Assistance 
ODT: Oven-dry tonne  
OECD: Organization for Economic Co-operation and Development  
OPEC: Organization of the Petroleum Exporting Countries 
PE: Partial Equilibrium model 
PPP: Purchasing Power Parity (for GDP assessments) 
Pró-Álcool (‘Pro-Alcohol’): Programa Nacional do Álcool (Brazilian Ethanol Programme) 
RD&I: Research, Development and Innovation 
RED: European Commission’s Renewable Energy Directive 
REDD: Reducing Emissions from Deforestation and Forest Degradation 
RFS: US EPA Renewable Fuel Standard 
RHI: Renewable Heat Incentives 
RSB: Roundtable for Sustainable Biomaterials (former Roundtable for Sustainable Biofuels) 
RUE: Radiation Use Efficiency 
SBPC: Sociedade Brasileira para o Progresso da Ciência (The Brazilian Society for the Advancement of 
Science) 
SEA: Strategic Environmental Assessment  
SIDA: Swedish International Development Cooperation Agency 
SRM: Solar Radiation Management 
UFSCAR: Federal University of São Carlos 
UN: United Nations  
UNDP: United Nations Development Programme 
UNEP: United Nations Environment Programme 
UNFCCC: United Nations Framework Convention on Climate Change 
UNICA: União da Indústria de Cana-de-açúcar (Brazilian Sugarcane Industry Association) 
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USAID: United States Agency for International Development 
USDA: United States Department of Agriculture 
USDoE: United States Department of Energy 
WEC: World Energy Council 
WHO: UN World Health Organization 
WRI: World Resources Institute 





























The sustainable future of our society depends on how we use the natural resources available worldwide 
without exceeding the environmental resilience capacity. Climate change is a clear example of a 
complex driver that could lead to exceeding such capacity. In this context, the growing need for land-
based products, such as food, feed, fibre, bioenergy, biochemicals and biomaterials, challenges us to 
balance their growth in a sustainable manner. This sensible balance could lead bioenergy to play a role 
in either increasing or ameliorating the pressures on ecosystems by damaging or supporting regulating 
services. Thus, this thesis presents a novel methodology to provide an understanding of the potential 
limits of bioenergy by using a complex systems approach for assessing land use dynamics and 
constraints.  
Agriculture, livestock, forestry and bioenergy represent the main types of land allocation worldwide, 
after excluding deserts, ice covers, rivers, lakes, settlements, protected areas and infrastructure. 
Therefore, changes in the demand for land-based products can affect, either directly or indirectly, global 
land use dynamics. Bioenergy is just one part of this complex system, but its connections with other land 
uses and the energy and food sectors provide an interesting perspective for discussing development 
strategies. Once meeting food supply and forest conservation, for example, energy crops can contribute 
to reducing carbon emissions and the consumption of fossil fuels, as well as generating renewable 
energy, income and jobs. Energy security is strictly connected to economic and social development, and 
therefore moving towards modern conception of bioenergy is challenging in order to reduce the risks 
associated with food security and environmental management.  
Bioenergy can also stimulate new investment in developing countries. The tropical region of the globe, 
particularly the humid zones, generally has a natural advantage in relation to bioenergy production, in 
terms of solar radiation and rainfall regime. Apart from the many complex issues associated with this 
natural potential, the tropical region is exactly where most of the developing nations are located. On the 
other hand, they usually lack infrastructure and access to technology, giving an opportunity for 
developed nations to collaborate with them to leapfrog this gap through win-win international 




partnerships. South-South cooperation can also play a major role in sharing experiences in this area, 
e.g., partnerships between Brazil and other nations in Latin America, Africa and Asia. At the same time, 
comparative / competitive advantages will still exist, as with food, for example, but a diverse set of 
global production centres to counter climate volatility and possibly political volatility will be needed. In 
addition, other renewable sources, such as, wind power and solar energy, have several advantages over 
fossil options, too, with mutual benefits for bioenergy in terms of dispatchability, intermittency, 
complementarity and storage. 
However, the confluence of energy and food demands, the increasing scarcity of natural resources and 
the un-even spread of those resources impose an increasing need to find novel and more sustainable 
land-use management strategies. The production of bioenergy combined with food production and 
conservation of ecosystems and their services will depend on new policies and incentives at local and 
regional scales to govern the equitable use of land and the allocation of that land to different 
productive, extractive and non-productive uses, based on innovative modelling systems and scientific 
knowledge. Bioenergy presents a unique opportunity worldwide but also carries potential risks which 
must be carefully addressed in advance. 
Energy and food securities are strategic issues for any country and they often supersede options to 
develop economically and environmentally sustainable bioenergy, which in turn require public policies 
encompassing global responsibilities, particularly in view of the growing climate risks. World population 
is likely to increase from about 7 billion in 2014 to 9.6 billion (in a range between 8.3 and 10.9 billion) by 
2050 (UN, 2013). Associated with this United Nations’ forecast, income per capita is likely to keep 
increasing in the coming decades, especially in emerging economies with large populations (e.g., China, 
India, Brazil, Nigeria, Indonesia), which consequently would demand more per capita food and energy. 
Rural exodus is also a challenge for cities in developing countries, mainly in Africa and some parts of Asia 
and Latin America. The migration process, especially in high density countries, to metropolitan areas has 
been intensifying urban problems even more (e.g., slums, sewage and waste treatment, public 
transport, water supply) because of the lack of infrastructure, education and new job opportunities for 
these excluded people, as well as damaging their rural cultures and values.  
Africa, for example, promises to have a large rural population in the coming decades. According to the 
Montpellier Panel (2014), with almost 200 million people aged between 15 and 24, Africa has the 
youngest population in the world as well. The Panel also reports that Africa’s total labour force will be a 
billion strong by 2040, making it the largest and youngest worldwide. Furthermore, Africa is the only 
region in which the rural population will be increasing. Conway (2012) states that agriculture typically 
accounts for over 80% of the work force and 50% of GDP in developing countries, and that a 1% gain in 




GDP originating from agriculture generates a 6% increase in overall expenditure of the poorest 10% of 
the population. Conversely, a 1% gain in GDP originating from non-agricultural sectors creates zero 
growth in overall expenditure of the poorest 10% of the population. In addition to Africa, Latin America 
and Asia also present major challenges for coping with a growing urban population of marginalised small 
farmers, as well as new cities to be constructed. Hence, it is essential to find new economic alternatives 
for the rural population, by improving their local farms, villages and towns sustainably (CGIAR, 2011). 
It is clear that, in order to ameliorate these problems, bioenergy must be discussed in a broader context, 
involving energy, agricultural, environmental, social and political perspectives. It is not only a climate 
change issue, and its benefits can be significant; for example, in aiding the growth of agricultural income 
and resilience. In contrast, there are currently only a few countries with long experience of biofuel 
programmes, such as Brazil and the USA, although many others have relevant programmes, especially 
China, Argentina, Malawi and some countries of the European Union, such as, Germany, France, 
Sweden, the United Kingdom, and the Netherlands. Their experiences show that bioenergy can make a 
positive contribution to sustainable development and energy diversification agendas, but only if certain 
basic environmental, social and economic requirements are met (Woods & Kalas, 2014). These basic 
requirements are also discussed in the present research and form the core constraints on the potential 
rate, scale and implementation of green-field bioenergy projects. However, to understand the complex 
dynamics of land, modelling approaches are used to simplify these complex systems, providing valuable 
insights. 
Therefore, the dynamics of land, food and bioenergy depends on a large number of land use change 
scenarios, which can vary globally, regionally and locally. The elasticity effect of crops and livestock yield 
growth rates, for example, can distort basic linear intuitive rationale for assessing constraints on human 
growth without considering a complex systems approach. Hence, the use of dynamic models is essential 
for building sustainable policy strategies on bioenergy. See, for example, the agro-ecological zoning of 
biofuels in Brazil, which integrate several complex variables to guide public policies and regulations for a 
sustainable expansion of energy crops in symbiosis with other land uses (Strapasson et al., 2012; 
Manzatto et al., 2009). It is therefore imperative to find new ways of promoting efficient food and feed 
production in order to have sufficient land for other purposes, such as afforestation/forestation and 
bioenergy. What, however, are the limitations on this potential land availability for bioenergy 
expansion? To answer this question, an integrated approach is proposed in this thesis which is based on 
complex systems dynamics.  
Land use change can be modelled as dynamic systems, in which lands are freely allocated to different 
uses, or as fixed systems, in which some land uses can occur only in certain delimited areas, for 




example, through policy or voluntary regulation. Thus, for understanding the land use complexity on 
global and regional scales it is necessary to look at both freely allocated and regulated system types.  
For dynamic systems, this thesis uses a novel global land use model for bioenergy and food security, 
which was prepared as part of the Global Calculator Project,1 here termed Global Calculator Land Use 
Change (GCLUC) model. The Global Calculator can be used by decision-makers and the public and 
private sectors to inform management strategies for carbon mitigation, land use change, forest 
conservation, food and biomass production. UK DECC is the project leader overall. The thesis’ author has 
been responsible for leading the Land/Bio/Food Sector and the GGR approach from Imperial College 
London. Similarly, the World Resources Institute (WRI, in Washington, USA) is managing the Transport 
Sector, Ernst & Young (Delhi, India) the Electricity Sector, Climact (Brussels, Belgium) the Manufacturing 
Sector, and Energy Research and Development International (Beijing, China) the Building Sector. The 
Climate Media Factory at PIK-Potsdam is developing the visuals and online version of the Global 
Calculator, and the London School of Economics and Political Science (LSE) is managing the climate 
science contribution. For more information about the Global Calculator Project, see Appendix 2. 
For fixed land systems (i.e., constrained areas), the thesis presents a novel approach, aimed at places 
with regulated land use (e.g., a country or a state), proceeding from the Brazilian experience of 
sugarcane agro-ecological zoning, by proposing a new model adapted from the famous Hubbert’s oil 
curve, here termed the green-Hubbert (gH) model. The classical Hubbert curve shows the trend for oil 
exploitation and its peak in a certain oil basins, country or worldwide. Its use is rather controversial, 
because of the uncertainties associated with the proven-reserve lifetime, and potential discoveries not 
yet listed as probable and possible reserves in the geological records. However, when the reserves are 
well known, the Hubbert curve is a consistent model for explaining peak oil. Therefore, the proposal 
here is to use an adapted approach for cases in which land “reserve” for bioenergy expansion is a well-
delimited area (e.g., because of law or market decisions through agro-ecological zoning schemes), which 
is the green-Hubbert model. The logistic curve of the classical Hubbert curve is now the land use change 
curve in the gH model.  
Thus, these two integrated approaches, i.e., GCLUC and gH models, form the methodology of this thesis, 
and can be used for discussing sustainable land use planning, and reflecting on our current choices and 
actions as a society, in the context of climate change, forest conservation, food and energy.    
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 Global Calculator’s official website: www.globalcalculator.org  




1.1 Research hypothesis 
The research hypothesis of this work is that “there are fundamental limits to the overall scale and rate of 
the sustainable expansion of bioenergy, which can be assessed using combinations of empirical data, 
mapping tools and complex systems models”. The null hypothesis is, therefore, that there are no limits, 
in practice, to the scale and rate of bioenergy expansion in order to meet both the international targets 
for reducing CO2 emissions and the human need for food, feed, fibre, wood, bio-chemicals and nature 
conservation (ecosystem service provision).  
Thus, in the context of the current global fossil fuel dependency, growing agricultural demands and 
climate change effects worldwide, the confirmation of this hypothesis may result in novel insights and 
an original scientific contribution to the research topic by offering a new methodology for land and 
bioenergy modelling which combines dynamic and fixed approaches through complex systems. The 
model may help to forecast a reasonable rate of bioenergy production between the two extremes of no 
bioenergy expansion and unlimited use of land for bioenergy without concerns of supplying food and 
other bio-products to meet human needs. It may also help assess the implications of scenarios in 
between these two extremes.  
1.2 Research problem 
This thesis was proposed because the current modelling approaches are not sufficient for guiding public 
policies on the large-scale expansion of bioenergy. This is notorious in developing countries, which could 
benefit substantially from bioenergy expansion, especially in Africa. In fact, there are many models 
available which estimate land use change and bioenergy production worldwide, as discussed by Van der 
Horst (2001), Solberg et al. (2007), and Bauen et al. (2009), including models that use global agro-
ecological zones (IIASA, 2014). However, the current models normally use top-down approaches and 
present static scenarios, with results often subject to a large number of uncertainties and fixed 
assumptions about events which may never occur. Thus, a new integrated dynamic model is important 
for exploring not just a single scenario, but ranges of possible pathways. In addition, bottom-up 
approaches can help understanding the real agronomical potential of a certain crop in a specific region, 
by using dedicated agro-ecological zonings for bioenergy, for example.  
The problem is how to develop a dynamic model that could integrate land use systems for food, feed, 
fuel and forest on a global scale and, complementary, propose a regional model which combines top-
down and bottom-up approaches that could be used to estimate curves of land use change and to 




develop sustainable bioenergy strategies. To address this problem, system dynamics based on the 
methodology proposed for the Global Calculator Project is used as a basis for global modelling. The 
calculator can project several pathways to meet carbon targets, with or without bioenergy, according to 
the options chosen by the user. For the regional model, a top-down approach is proposed in this 
research which is based on Hubbert’s curve model for oil reserves, but as a conceptual reference for 
biomass, i.e., a “green” Hubbert model. The bottom-up approach builds upon the use of Agro-ecological 
Zoning (AEZ), as developed in Brazil for sugarcane and oil palm (Strapasson et al., 2012; Manzatto et al., 
2009).  
1.3 Aims and objectives 
The aim of this research is to understand the limits of bioenergy by investigating the complex 
relationships among sustainable land use, food security, forest conservation and bioenergy, for the 
purpose of making a scientific contribution to the international debate on bioenergy futures and climate 
change. 
1.3.1 Main objective 
The objective of this thesis is to deploy a robust methodology to prove / disprove the stated hypothesis, 
based on a complex systems approach for assessing constrained versus freely accessed resource 
exploitation. With this approach, it should be possible to model bioenergy futures according to different 
land use dynamics by integrating the availability of natural resources to food security, bioenergy and 
environmental services, including agro-ecological zoning schemes and land use curves. Consequently, 
the limits of bioenergy could then be assessed for discussing sustainable policy strategies.  
1.3.2 Specific objectives 
In order to meet the main objective above, some intermediate steps are necessary. Hence, the following 
items summarise the specific objectives of this research:  
 Adapt the Hubbert Curve model for oil reserves and develop an analogue approach for 
bioenergy (green-Hubbert) to be used when land availability is a well delimitated resource 
according to agro-ecological zonings and regulations; 
 Collect and adapt the results of the Brazilian Sugarcane Agro-ecological Zoning for further 
modelling analysis with the green-Hubbert approach; 




 Construct a dynamic model that synthesises complex land systems for food, forestry and 
bioenergy, including carbon and energy flows; 
 Estimate the potential yield growths for food crops, livestock and energy crops, as well as the 
impacts of land use integration (e.g., multi-cropping schemes, agro-forestry systems) and the 
production and use of agricultural wastes and residues; 
 Deploy a whole-systems modelling approach for land use, food security and bioenergy, i.e., the 
Global Calculator Land Use Change model (GCLUC). 
1.4. Thesis’ structure 
This thesis comprises a number of chapters, sections and subsections in order to provide a constructive 
and consistent narrative to understand the limits of bioenergy in a cross-disciplinary context (Table 1.1).  
Table 1.1: Thesis' structure 
Thesis’ chapter Description 
Chapter 1:  
Introduction 
It presents a brief contextualisation of the thesis, the relevance of the chosen topic, and the proposed 
methodological approach, encompassing the following sections:  
Research hypothesis (Section 1.1), Research problem (Section 1.2), Aims and objectives (Section 1.3), 
and Thesis’ structure (Section 1.4).  
Chapter 2:  
Literature review 
It comprises a comprehensive literature review on the available references about the main issues 
related to the research aim. The chapter is split into four main sections:  
 Complex land systems (Section 2.1), which presents an overview on complexity science and whole-
systems modelling, including  Systems dynamics (Section 2.1.1) and Networks (Section 2.1.2); 
 Fundamentals of land use dynamics (Section 2.2). This section shows a review on the main issues 
related to land use that will be relevant to discuss bioenergy systems afterwards. The main 
subsections are: Food consumption (Section 2.2.1), Crop yields (Section 2.2.2), Livestock yields 
(Section 2.2.3), Forest dynamics (Section 2.2.4), Land use integration (Section 2.2.5), and Waste and 
residues (Section 2.2.6);  
 Bioenergy systems (Section 2.3), covering the fundamental environmental issues for the expansion 
of energy crops, such as, land availability, land use effects, GHG emissions, solid biomass, biofuels 
technologies, impacts on biodiversity and water resources, and sustainability standards. It comprises 
three  subsections: Bioenergy assessments (Section 2.3.1), Transitioning from traditional to modern 
biomass (Section 2.3.2), Biofuels in a nutshell (Section 2.3.3); 
 Agro-ecological zonings (Section 2.4), which addresses the technical aspects of agro-ecological 
zoning schemes for bioenergy as an input for the green-Hubbert model. It includes a subsection on 
Brazilian agro-ecological zoning (Section 2.4.1); 
 Bioenergy and the Hubbert Curve (Section 2.5), which contains the subsection Overview on the 
classical Hubbert model (Section 2.5.1), including its main equations in order to support the adapted 
equations proposed in Methodology (Chapter 3). 
Chapter 3:  
Methodology 
It shows a technical description of the two modelling approaches proposed in this thesis, as follows: 
 The Global Calculator Land Use Change (GCLUC) model (Section 3.1). This section presents a 
Description of land/bio/food methodology (Section 3.1.1), its main parameters, assumptions and 
rationale; 
 The green-Hubbert (gH) model (Section 3.2), which includes a full description of the Proposed 
equations for the gH model (Section 3.2.1). 




Chapter 4:  
Results and 
discussion 
This chapter shows the key findings of the proposed models with the purpose of validating the initial 
hypothesis and assessing the limits of bioenergy, followed by discussions on bioenergy strategies. The 
chapter is split into three sections, as listed below:  
 Results from GCLUC model on a global scale (Section 4.1), which shows three illustrative 
simulations for testing and assessing its main results, namely: GCLUC simulation for a high emissions 
scenario (Section 4.1.1), GCLUC simulation for a high mitigation scenario in the land/bio/food sector 
(Section 4.1.2), and GCLUC simulation for an extreme mitigation scenario in the land/bio/food sector 
(Section 4.1.3). 
 Results from the green-Hubbert model for Brazil (Section 4.2), which presents a country-level 
simulation, taking the Brazilian experience with the Sugarcane Agro-ecological Zoning as a case-
study for assessment;  
 Sustainable bioenergy strategies (Section 4.3), which includes reflections on the Fundamental 




It presents the key findings (Section 5.1) and messages of the thesis in light of the results obtained, the 
initial hypothesis, aims and objectives. It also includes recommendations for future research (Section 
5.1) 
References All references used in the thesis are then duly cited, including scientific papers, technical reports, 
books, models, interviews and online databases. 
Appendixes Appendix 1: PhD activities, comprising publications, presentations in technical events and other 
activities carried out during the doctorate and that were relevant to the thesis. 














This chapter presents an overview of the main issues related to complex land systems, food security and 
bioenergy, aiming at contextualising the methodology, results and discussions described in subsequent 
chapters of the thesis. This literature review contains extracts from some collaborative research 
developed by the author during his doctoral research at Imperial College: Strapasson et al. (2012, 2014a, 
2014b, 2014c), Pacini and Strapasson (2012), Shah et al. (2013), and Woods et al. (2011, 2014b), all used 
to illustrate issues related to the thesis. For more information, see Appendix 1: PhD activities.  
2.1. Complex land systems 
Land-use dynamics and constraints can be understood as a complex system. The possible interactions 
between land use and bio-based products (e.g., bioenergy, food, feed, forestry) often present non-linear 
behaviours and counter-intuitive results. Thus, there is a need to understand land use complexity in 
order to influence new public policies and business investments. In this context, models are required to 
shed light on this area by simplifying the reality to make such comprehension possible. Preparing a 
useful model depends on finding the right level of simplification to meet the aims of the studies (Voinov, 
2008).  
There are several definitions of system, a term derived from the Greek word σύστημα (systēma), and 
used in Latin, too, meaning composition. The term was used by several philosophers, including Aristotle, 
Plato and Euclid, and latterly reformulated by Descartes and Sadi-Carnot in his studies of 
thermodynamics. Currently, typical definitions include: ‘a grouping of parts that operate together for a 
common purpose’ (Forrester, 1972); or ‘any phenomenon, either structural or functional, having at least 
two separable components and some interaction between these components may be considered as a 
system’ (Hall & Day, 1990). 
Therefore, the use of systems thinking is not new to science, and it has become more and more 
sophisticated over time. A major breakthrough occurred when mathematicians and physicists started to 
develop new methodological frameworks for systems science through computing. Mathematical models 




that seemed impossible to resolve, or even to conceive, can now be carried out by means of processors, 
resulting in a new research area: complex systems, which add complexity to the classical systemic view. 
Complexity can be understood as the study of the phenomena which emerge from collection of 
interacting variables (Johnson, 2009), complex being the antonym of independent, rather than simple.  
Complex systems comprise several approaches, such as systems theory, non-linear dynamics, game 
theory, collective behaviour, networks, evolution, and adaptation and patter formation (Sayama, 2010). 
Even Lifecycle Assessment (LCA) can be seen as a spin-off of systems thinking (Voinov, 2008). In fact, it is 
difficult to find consensus on the limits and definitions of different systemic approaches. In Physics and 
Mathematics, complex systems are commonly associated with the study of chaos, entropy, space-time 
dynamics, and fractals (Peitgen et al., 2014). However, these issues have been extrapolated to other 
areas such as economics (Coppenolle, 2013; Rifkin & Howard, 1980), geography and social sciences 
(Castells, 1999; Santos, 1998), as well as biological dynamics (Jordan, 2014), and environmental 
awareness and militancy (Capra, 1982, 1997; Lovelock, 2007). See, for example, the cross-disciplinary 
work using systemic approaches carried out by the Center for Ecoliteracy2 in environmental education, 
and the Santa Fé Institute3 in several areas of science.  
For the purposes of this thesis, complex systems are used as a conceptual framework to support the 
proposed mathematical methodology, taking elements specifically from system dynamics and networks, 
as described.  
2.1.1. System dynamics 
System dynamics is a clear example of computational modelling using systems theory. In 1956, Jay 
Forrester of the Massachusetts Institute of Technology (MIT) proposed a new way to simulate dynamic 
interactions in a system, organising them as stock-and-flow structures, like reservoirs and pipes and 
interconnecting them, as illustrated in his book Industrial Dynamics (Forrester, 1999, originally published 
in 1961). His research formed the basis of modern system dynamics. He used Dynamo Language to 
develop his models which represented a new paradigm and learning method at that time. Forrester 
developed a dynamic socioeconomic model called World1, latter upgraded to World2 (Radzicki & Taylor, 
2008).  
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 The Center for Ecoliteracy is a non-profit organisation, which uses systems thinking principles for education and 
environmental awareness. It is located in Berkeley, California, USA. See more at: www.ecoliteracy.org  
3
 The Santa Fé Institute (SFI), New Mexico, USA, is a leading institution in terms of complex adaptive systems. For more 
information, visit: www.santafe.edu  




In 1972, the Club of Rome4 commissioned a report called The Limits to Growth (Meadows et al., 1972) 
for understanding the global challenges in a long-term perspective, by using World3, a systems dynamics 
model for computing simulation, including new updates to Forrester’s World2 Model. The authors 
modelled exponential growth of global economics and population with a constrained supply of natural 
resources. The lack of a robust database and some wrong assumptions at that time compromised the 
accuracy of its controversial forecasts, but nonetheless this report was a pioneer of model world 
dynamics using a systems approach. In 1991, the Club of Rome commissioned a book on global 
sustainable strategies, The First Global Revolution (King & Schneider, 1991), as a follow-up to the Limits 
to Growth report. Subsequently, Meadows et al. (1992, 2004) published 20- and 30-year updates of 
their 1972 report.  
Similarly, Rifkin and Howard (1980) also presented a systemic approach for assessing global 
environmental limits, adapting the thermodynamic concept of entropy to economics. The authors stated 
that the humanity has been wasting resources in a manner impossible to sustain for long, as past 
civilisations clearly demonstrate. To avoid such extreme situations, they advocate the use of sustainable 
energy sources and new economic drivers. The method was criticised for its lack of scientific rigour 
(Gould, 1988), although it has influenced decision-makers worldwide towards more sustainable policies.   
Another systemic approach was suggested by Wackernagel (1994), who proposed the concept of the 
ecological footprint to explain the impact of human activities on Earth’s carrying capacity. The ecological 
footprint is estimated in numbers of Earths or countries that would be necessary to support a certain 
level of activity or consumption pattern. The Global Footprint Network (GFN, 2014) states that we have 
already exceeded such capacity, and proposes a didactic calculator for estimating future ecological 
footprints, as well as, an Earth overshoot day, when humanity exhausts the planet’s budget for the year, 
i.e., exceeds its carrying capacity. Similarly, WWF (2014) also presents an illustrative tool to understand 
and predict environmental changes and new behaviours. 
Therefore, apart from the controversial results of such studies and methodologies, it seems that only 
through dynamic models is it possible to understand such complex systems. Currently, system dynamics 
is a growing research area, from business models and innovation schemes, to biological and land use 
systems. Several new softwares have been developed from the conceptual approach proposed by 
Forrester in the 1970’s: Stella, iThink, Vensim, AnyLogic, Sysdea, Simantics, Simulink and Simile.  
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 The Club of Rome is a think-tank centre focused on world challenges and international politics, with headquarters in 
Winterthur, Switzerland (see more at: www.clubofrome.org). The Club is often strongly criticised or acclaimed by its 
controversial forecasts and political views.   




Such a systemic view is necessary to visualise the integrated flows of energy and natural resources in a 
broader context. Hall et al. (1986), for example, proposed a system dynamics diagram for broadly 
assessing energy balances (Figure 2.1), based on the concept of Energy Return on Investment (EROI), 
which balances the amount of useful energy that it is possible to obtain from a certain energy resource 
against the amount of energy expended to obtain such an energy resource.  
Source: Hall et al. (1986)   
Assessing different energy sources and their potential impacts requires a consistent methodological 
approach. Dale (2010) and Dale et al. (2012), for instance, used EROI to propose a new methodology to 
assess the impact of renewable energies on other areas of the economy called Global Energy Modeling 
using a Biophysical Approach (GEMBA). Strapasson and Fagá (2007) proposed a dynamic approach for 
modelling different uses of thermal energy. Warner et al. (2013) developed a system dynamics model 
called BioLUC, which uses Stella to model how biofuels expansion could affect land use change. Mackay 
(2008) presented a comparative assessment of several energy sources, in a rather objective and 
illustrative manner, from a personal level to an international scale.  
2.1.2. Networks 
Another area of complex systems is networks, which can be useful for understanding land use dynamics 
and constraints. The pioneers of Network Science were Anatol Rapoport (1911-2007) and Stanley 
Migram (1933-1984), as cited by (Benzi, 2014). Networks are also known as graphs, and represent a 
collection of items and the connections between them (Estrada & Knight, 2014). They are formed of 
elements (nodes), with interconnections (edges), and can be translated into formal mathematical 
language (e.g., by using matrices). Complex networks have multiple applications, from social sciences to 
Figure 2.1: Energy balance, flows and yields 




engineering, computing and physical sciences, including space recognition of patterns, which is gradually 
becoming part of the scientific method (Costa, 2014). 
In a network, nodes can be strong or poor, depending on their tendency to make more or fewer 
connections, and grouped as clusters, with hubs and authorities (Benzi, 2014; Caldarelli & Catanzaro, 
2012). A graph can also change in time, forming a temporal graph, which can show relevant information 
by including temporal variation in a window size, e.g., a day or year (Musolesi, 2014). A complex 
network, therefore, presents a non-trivial topology (Benzi, 2014), and can potentially evolve over time 
(Dorogovtsev & Mendes, 2013). Examples include the Internet, rail networks, and food webs. Currently, 
there are several software/languages for modelling complex networks: Python (NetworkX and SciPy), R, 
iGraph, Gephi, Matlab and Mathematica. 
The use of complex networks for modelling land use and biological systems is relatively recent, but 
apparently a growing research area. Microsoft, for example, invested in the creation of a research 
centre in the University of Trento for computation and systems biology (Microsoft, 2011), e.g., complex 
food web models, multiple interactions in pasture systems under the network approach (Jordan, 2014). 
Barabási and Oltvai (2004) used network science to understand cell function organisation, showing how 
proteins interact with each other in Saccaromyces cerevisae, which is the main yeast used for the 
fermentation of sucrose in ethanol industries (Figure 2.2).   
 
Figure 2.2: Protein interaction network in Saccharomyces cerevisiae 
Source: Barabási and Oltvai (2004), using figure from MacMillan Magazines. Notes by its authors: A map of protein–protein interactions in 
Saccharomyces cerevisiae, which is based on early yeast two-hybrid measurements, illustrates that a few highly connected nodes (which are 
also known as hubs) hold the network together. The largest cluster, which contains ~78% of all proteins, is shown. The colour of a node 
indicates the phenotypic effect of removing the corresponding protein (red=lethal, green=non-lethal, orange=slow growth, yellow=unknown). 
The use of network science for assessing land-use dynamics and constraints is related to several 
underlying issues (e.g., bioenergy, food, feed and forestry), which are also networks in some senses. 
Therefore, land is a network of networks, and to understand such complexity, it is first necessary to 
review the fundamentals of land use dynamics in order to assess possible pathways for both energy and 
food security worldwide.  




2.2. Fundamentals of land use dynamics  
On a global scale, land use changes of forest, agriculture and pasture are always intrinsically 
interconnected under the constraints of the finite availability of land resources on Earth. Productive land 
can barely occupy other land use types in natural conditions, e.g., deserts, ice sheets and caps, which 
follow different dynamics and constraints. Therefore, globally, land use change is overall a zero-sum 
equation to match all the possible land uses on Earth’s limited land surface. However, the substitution 
of alternative land uses is not a linear interaction, given the combination of several complex variables, 
such as agricultural productivity and food price elasticity. The Global Calculator Land Use Change 
(GCLUC) model aims at understanding such complexity, and the following sections represent the main 
parameters used in this model. 
2.2.1. Food consumption 
The consumption of food is a major driver for land use change, and is subject to factors, such as price 
elasticity, food availability, and population and income growths. Food wastes and inefficiencies in food 
distribution and storage are also important factors (further discussions on wastes and residues are 
presented in Section 2.2.6 of this chapter). In the past 30 years, the world total food intake, which 
includes all plant and meat products on average, has been growing almost linearly (R2 = 0.9594, see 
Figure 2.3), from 1892 kcal/person/day in 1980, to 2180 kcal/person/day in 2011 (approximately +15% 
in the whole period, or 0.46% a year). Meat consumption in particular has been growing even more 
linearly than total food consumption (R2 = 0.9937) from 126 kcal/person/day in 1980, to 186 
kcal/person/day in 2011 (approximately +48% in the whole period, or 1.26% a year). It means that meat 
consumption has grown almost three times faster than food consumption on an annual basis, in terms 
of per capita daily caloric intake, i.e., excluding residues.  
 





Figure 2.3: World food and meat consumption (intake) 
Source: Prepared by the author, database FAOSTAT (FAO, 2014), excluding food losses (Lipinski et al. 2013). 
Although food consumption, including meat, cannot indefinitely increase, it is likely to keep growing, at 
least in the next couple of decades and mainly in the developing countries of Africa and Asia. Figure 2.4 
shows an estimate of world food supply, i.e., apparent food consumption. To estimate the effective food 
intake by person, it is necessary to exclude food losses (post-farm and consumer wastes and residues), 
which accounts for approximately 24% of the food supply in general and 19% of meat in terms of energy 
content (Lipiski et al., 2013). In 2011, global calorie consumption was about 2180 kcal/person/day5 
(FAO, 2014, excluding food losses), on average, with extremes of obesity and undernourishment 
worldwide.  
 
Figure 2.4: Per capita food supply (kcal/person/day) or ‘apparent food consumption’, i.e., including wastes (FAO, 2012) 
Source: FAO (2012) 
                                                          
5
 FAO consolidates the food consumption data from National Balance Sheets, rather than from actual consumption 
surveys, and therefore the effective consumptions here estimated are approximate values. 
R² = 0.9594 
























Total food consumption  
(excluding 24% as food waste) 
Meat consumption (all types of meat) 
(excluding 19% as meat waste) 




According to the International Federation of Red Cross and Red Crescent Societies (IFRC, 2011), in 2011 
approximately 1.5 billion people were classified as obese against about 925 million people as 
undernourished worldwide, most of them living in Asian and Pacific countries (578 million) and Sub-
Saharan Africa (239 million). WHO (2014) refers to overweight and obesity as a global epidemic 
(‘globesity’), which affects not only industrialised countries, but also several developing nations. FAO 
(2012, 2014) states that the number of undernourished declined from 1,015 million people in 1991 to 
842 million people in 2012, and may reduce by 318 million people in developing countries by 2050, 
representing 4.1% of the forecasted population, which is still a substantial number of people, and far to 
eliminate the problem in the coming decades at this rate. 
Theoretically, a healthy diet consists of approximately 2100 kcal/person/day (2000 kcal/person/day for 
women and 2200 kcal/person/day for men), as described by Bassett and Winter-Nelson (2010). 
However, in practice, these values are subject to a number of variables, such as age, sex, body mass, 
climate and activity. In the USA, for example, the Department of Agriculture (USDA) and the Department 
of Health and Human Services (HHS) present dietary guidelines according to age, sex and physical 
activity, as described in Figure 2.5 (male) and Figure 2.6 (female). The Minimum Dietary Energy 
Requirement (MDER), which characterises food deprivation, is approximately 1850 kcal/person/day6, 























Figure 2.5: Calories required by a MALE person for different 
levels of physical activities: active (upper value), moderately 























Figure 2.6: Calories required by a FEMALE person for 
different levels of physical activities: active (upper value), 
moderately active (line) and sedentary (lower value) 
Source: Prepared by the author using data from USDA and HHS (2010), cited by Britten et al. (2006). 
On the other hand, the consumption of calories may involve different types of diet, e.g., less or more 
meat-intensive and pre-packaged food. The amount of calories consumed is a broad parameter for 
discussing food consumption, but it says little about the quality of the food consumed, which can be 
                                                          
6
 MDER changes according to region, age, sex and body mass. Thus, in order to have a reference for illustrative 
comparison, the 1850 kcal/person/day MDER was estimated as the mean MDER for all countries listed by FAO 
(2014) between 2006-2008. 




measured according to other supporting parameters, such as the amount and type of proteins, 
carbohydrates, fats, fibres, vitamins, minerals, and other nutrients. Therefore, dietary preference results 
in different land uses for supplying the types of food demanded by the population: mainly grains, fruits, 
vegetables and meat. Meat has the largest impact on land use and its consumption tends to keep 
growing. Table 2.1 summarises world livestock production by type of meat. 
Table 2.1: World livestock production by livestock sector 
World 1961/63 2005/07 2050 1961 - 2007 1987 - 2007 1997 - 2007 2005/2007 - 2050 
 Million tonnes Annual growth (% p.a.) 
Total meat 72 258 455 2.9 2.5 2.2 1.3 
Beef 30 64 106 1.6 0.9 1.2 1.2 
Mutton 6 13 25 1.7 1.8 2.1 1.5 
Pig meat 26 100 143 3.1 2.3 1.7 0.8 
Poultry 9 82 181 5.2 4.7 3.9 1.8 
Milk 344 664 1077 1.4 1.3 2.2 1.1 
Eggs 14 62 102 3.5 3.3 2.3 1.1 
Source: FAO (2012) 
FAO (2012) forecasts a total increase in global meat consumption of approximately 88% by 2050. 
Growing income in developing countries for instance tends to stimulate a substantial increase in meat 
consumption, as illustrated in Figure 2.7, which shows the relationship between meat consumption and 
per capita income by country, based on PPP (Purchasing Power Parity). However, apparently (given the 
high dispersion of values for a significant correlation), after a certain point (around US$ 34,000 per 
capita), the daily per capita meat consumption tends to decrease slightly, possibly because of the 
healthier life-style adopted in rich countries, although there are many exceptions (e.g., the USA).  
 
Figure 2.7: Per capita GDP and meat consumption by country in 2005 
Source: FAO (2009) 




Over-consumption of meat is related to several health issues, such as cardiovascular disease, diabetes 
mellitus and some cancers (Walker et al., 2005). The World Health Organization (WHO), for example, 
suggests that global meat intake should decrease from the current consumption of 224 g of 
meat/person/day to approximately 90 g of meat/person/day (approximately 162 kcal of 
meat/person/day) for a healthy diet, with positive impacts on carbon level and health (WHO, 2008). 
Furthermore, a growing per capita consumption of food, specially meat, may increase pressure on land 
use. Bajzelj et al. (2014) considered that food-demand management is an important strategy to tackle 
climate change which is often ignored, suggesting that improved diets, associated with low meat 
consumption and a decrease in food wastes, can not only reduce carbon emissions, but also provide 
food security by 2050.  
Meat consumption can also be accounted for in terms of energy, instead of weight. Meat is primarily a 
source of protein but, for modelling purposes, energy content is convenient for calculations, given that 
there is a strong correlation between meat weight, protein and calories which varies according to 
different meat types, as described in FAO (2014). It is important to note that there is a substantial loss 
between meat supply and the meat effectively consumed by a person (food intake), which is estimated 
to be the equivalent of approximately 19% for meat and 18% for milk, globally, in calorific value (not 
weight), according to Lipinski et al. (2013). By applying this wasting adjustment, and using data from 
FAO (2014), the meat intake by person in 2011 was approximately 191 kcal of meat/person/day, as a 
global average. 
Figure 2.8 shows the consumption of meat (all types) against the total consumption of food in general, 
in terms of energy intake (i.e., already excluding food losses), per country. Please note this figure 
presents a merely illustrative comparative analysis, because countries exhibit large variation in results, 
including populations with different ages, sex and body mass, as well as, different climates and cultural 
aspects. For example, countries in the Middle East and North Africa (MENA) have large Muslim 
communities, which usually means restrictions on the consumption of pork, and in India the 
consumption of beef is very low because of the predominance of Hinduism. On the other hand, in terms 
of global food consumption overall, the number of obese people recently surpassed those 
undernourished, which is consistent with the world position in this figure.   
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Figure 2.8: Meat consumption vs. total food calories consumed, in kcal/person/day, excluding losses, per country 
Source: Prepared by the author, with database adapted from FAO (2014, 2011 base year), excluding 24% of food wastes, 19% of meat wastes, 
both in energy terms (Lipinski et al., 2013), and health assumptions adapted from FAO (2012) and WHO (2008).  
There are also significant differences in meat type (red vs. white meat, and meat from ruminant vs. non-
ruminant animals) in terms of production systems, feed conversion ratios (FCR) and the necessary land 
for producing the respective meat type. Red meat includes cows and other bovines, pigs, sheep and 
goats, and other animals, whereas white meat includes chickens and other poultry, and fish. Differences 
between ruminants (e.g., bovines, sheep and goats) and monograstrics (e.g., pigs and chickens) are also 
a key issue, because of their relationship with pasture or feed crops. Sections 2.2.2 and 2.2.3 present an 
overview of crop yields and livestock yields in which these issues are briefly covered. 
2.2.2. Crop yields 
Crop yields can have a major impact on land use change, not only because of the potential increase in 
food production, but also in the production of animal feed. It is difficult to predict crop yield potentials 
in the long term, particularly because of the complexity associated with biotechnology potentials, future 
use of water and fertilisers, and positive and negative impacts of climate change on agriculture. Positive 
impacts assume higher photosynthesis efficiencies, because of the higher CO2 concentration in the 
atmosphere and temperature increases, especially in temperate regions. As regards negative effects, 




they can include severe changes in precipitation, particularly a potential increase in drought seasons in 
some regions and flooding in others, which may affect global agricultural productivity (IPCC, 2014a). In 
addition, climate change may increase the range of distribution of pests and plant diseases in some 
crops worldwide (Herrera et al., 2011).   
FAO (2012) predicts that crop yields could increase by approximately 1.3% a year until 2030 and then 
0.8% a year by 2050 globally (Table 2.2), although not accounting for potential climate change impacts 
over time. To realise this potential technology transfer from developed countries could help increase 
productivity in developing nations by leapfrogging the necessary learning curve, given their current low 
crop yields in general. Note for example the potential yield growth of 1.9% a year for Sub-Saharan 
African countries from 2030 to 2050. Some crops present significant potentials. As regards to oil palm, 
for example, Villoria et al. (2013) suggest that its crop yield growth may increase by 1.8% a year in the 
next 25 years, based on GTAP7 and AEZ databases.  
Table 2.2: Annual crop production growth (%) 
 1961 - 2007 1987 - 2007 1997- 2007 2005/07 - 2030 2030 - 2050 
World 2.2 2.3 2.3 1.3 0.7 
Developing countries 3.0 3.1 3.0 1.4 0.8 
   Developing countries excluding China and India 2.8 2.8 3.2 1.7 1.0 
   Sub-Saharan Africa 2.6 3.3 3.0 2.4 1.9 
   Latin America and the Caribbean 2.7 2.9 3.7 1.7 0.7 
   Near East and North Africa 2.9 2.5 2.4 1.4 0.9 
   South Asia 2.6 2.4 2.1 1.5 0.9 
   East Asia 3.4 3.6 3.2 1.1 0.3 
Developed countries 0.8 0.4 0.5 0.8 0.3 
Source: FAO (2012) 
Exponential annual crop yield growth is a unit commonly used to measure agricultural productivity. 
However, crop yield usually increases linearly on global scale, instead of displaying an exponential curve 
(Grassini et al., 2013; Searchinger et al., 2013), because it represents an average of several regions and 
includes inertia for technological advancements, i.e., delays in abrupt crop yield gains. In the long term, 
there is also a theoretical limit on yield growth because of certain natural barriers, e.g., photosynthesis 
efficiencies, use of water and nutrients. Figure 2.9 (FAO, 2012) shows average yields and harvested area 
for cereals globally, and respective predictions for growth by 2050.  
                                                          
7
 GTAP is the Global Trade Analysis Project, which is as a global network of researchers and policy-makers 
interested in quantitative analysis of international policies. It is hosted by Purdue University, USA. 





Figure 2.9: World cereals, average yield and harvested area (1960-2050) 
Source: FAO (2012) 
In developing countries, the potentials for cereal yield growth are much higher, considering the current 
yield gap between them and developed countries. To close such gap is a major challenge for the coming 
decades, and would require different local strategies, as described by Cunningham et al. (2013) and 
Lobell et al. (2009). For Latin American countries, crop yields tend to keep increasing almost linearly, 
whereas in Africa productivity may increase even above the linear trend, as illustrated in Figure 2.10, 
thanks to the use of better crop varieties, fertilisers and better farm management. According to Juma 
(2014), African countries have an opportunity to improve their agricultural farms considerably through 
the usage of new technologies. At the same time, the adoption of Western plantation schemes and the 
use of genetically modified seeds may compromise the local interests and cultural issues by causing a 
strong market dependency on a few multinational companies, inter alia (The STEPS Centre, 2010; The 
GAIA Foundation and ABN, 2012). Therefore, the point is how to balance the risks and potentials from 
technological benefits and regulate the market accordingly. 
 
 






Source: FAO (2012) 
In contrast to these FAO projections above, Ray et al. (2013) present an alternative global modelling 
approach assuming some different assumptions by 2050. They estimate that, if we hope to meet the 
global food demand by 2050 without expanding agricultural land, it will be necessary to double the 
production of some crops, which would need to increase more than linearly. In Figure 2.11 the authors 
estimate global projections for maize, rice, wheat and soybean (dashed lines represent the necessary 
growth, and the solid lines the linear trends).  
 
Figure 2.11: Global projections of agricultural yield growth for selected crops by 2050 
Source: Ray et al. (2013). Notes by the authors: ‘Observed area-weighted global yield 1961-2008 shown using closed circles and projections to 
2050 using solid lines for maize, rice, wheat, and soybean. Shading shows the 90% confidence region derived from 99 bootstrapped samples. 
The dashed line shows the trend of the ~2.4% improvement required each year to double production in these crops by 2050 without bringing 
additional land under cultivation starting in the base year of 2008’. 
Figure 2.10: Grain yields, Sub-Saharan Africa and Latin America (1960-2050) 




2.2.2.1. Crop yield limits 
Crops are subject to a theoretical maximum yield. The plant phenotype, which represents the plant’s 
expression, depends on its genotype and non-hereditary environmental parameters, as described in 
Equation 2.1. Thus, there is a maximal hypothetical phenotype that a certain bioenergy crop could 
achieve because of genetic and environmental limitations. 
Equation 2.1 
𝑃 = 𝐺 + 𝐸 
P = phenotype 
G = genotype 
E = environment 
 
The plant’s genotype affects its anatomy and physiology, which are connected and dependent on the 
surrounding environmental factors, such as soil structure and biota, availability of macro and micro 
nutrients, water (rainfall and soil water holding capacity), temperature, oxygen, carbon dioxide, and 
solar radiation. Therefore, there is an upper limit for photosynthesis efficiency, the utilisation of 
nutrients and water, transpiration, and constraints on the plant’s hormone balances such as auxins (e.g., 
indole-3-acetic acid (IAA); indole-3-butyric acid (IBA); 1-Naphthaleneacetic acid (NAA)), ethylene, 
gibberellins, and abscisic acid (ABA), among others (Awad & Castro, 1992).  
Photosynthesis 
Photosynthesis efficiency growths are important for increasing crop yields. Because of evolutionary 
adaptation, some plants possess photosynthetic apparatus different from that of others, particularly in 
order to take best advantage of their environmental conditions; for example, a tropical region with high 
temperature, water availability and solar radiation against desert or semi-arid regions with restricted 
water availability, or a temperate region with lower temperature and solar radiation in winter. Thus, 
plants have adapted to sunlight, including changes in their stomata, which regulate not only water 
transpiration but also its trade-off with the inflow of oxygen and carbon dioxide from the air, given that 
to capture CO2 plants have to open their stomata, losing water in the process. Photosynthetic systems 
can be grouped according to their metabolic cycle in three main categories (C3, C4 and CAM), as 








Table 2.3: Main types of photosynthesis  
Plant First compound produced Description Examples 
C3 Three-carbon organic acid Approx. 50% of CO2 is lost, because the enzyme that traps CO2 (RuBisCo) 
in the Calvin cycle also reacts with O2 in photorespiration. Therefore, to 
increase photosynthesis, the plant needs to keep the stomata open for a 
longer time, releasing water, which may not be a constraint in mild 
conditions with low temperature, e.g., temperate regions.  
Most species of the 
plant kingdom, 
including rice, wheat, 
barley, oat, soybean, 
peanut, cotton, 
sugar beet and 
potato.  
C4 Four-carbon organic acid The enzyme that traps CO2 does not react with oxygen, and, therefore, 
the stomata do not need to stay open as long. The C4 molecule is fixed as 
malate or aspartate, which is moved from the mesophyll to the vascular 
bunddle sheath, an O2 free space where it is then converted into C3 
molecules in the presence of RuBisCO. For this process, the plant uses 
more energy than C3 plants, but for warm and draught conditions (e.g., 
tropical regions) this can be an advantage to avoid over-transpiration. C4 
plant’s leaves present a relatively high surface-volume rate, which 
contributes to the CO2 and H2O exchanges with the atmosphere. The C4 
pathway evolved from the ancestral C3 photosynthesis in different 
independent ways.   
Sugarcane, maize, 
millet, sorghum and 
several other grass 
species from warm 
climates. 
CAM Four-carbon organic acid Crassulacean Acid Metabolism (CAM) is an adaptation to hot and dry 
conditions, e.g., arid regions, in order to reduce evapotranspiration. CAM 
plants open the stomata in the night (trapping CO2 in the C4 molecule), 
and keep them closed in day light (converting the C4 in C3 molecules, 
followed by normal photosynthesis reactions). Unlike C4 plants, in CAM 




Source: Prepared by the author, adapted from Awad and Castro (1992), Furbank and Taylor (1995), Williams et al. (2013), and 
Seddon (2014). 
There are different ways to measure photosynthesis efficiency: directly, by measuring the efficiency per 
leaf area of different crops, or indirectly, by comparing the net primary productivity (NPP) of different 
crops in a certain land area (e.g., in GJ/ha) with the same characteristics of soil and climate. In every 
case there is a limit, given that plants can effectively use just a small fraction of the total sun light 
incident on the leaf surface, as shown in Equation 2.2, presented by Long et al. (2007), citing Monteith 
(1977).  
Equation 2.2  
𝑊ℎ = 𝑆 𝜀𝑖 𝜀𝑐 𝜂 
Wh = harvested yield 
S = total solar energy 
𝜀𝑖 = interception efficiency 
𝜀𝑐 = conversion efficiency  
𝜂 = partitioning efficiency (harvest index) 
Thus, solar radiation is the fundamental source of any bio-based product, although around 0.9% of the 
available radiation at the surface level is effectively absorbed by plants (Table 2.4). According to Awad 
and Castro (1992), approximately one-third of solar energy is absorbed by the atmosphere, especially 
the infrared (wavelength > 700nm), because of the presence of water vapour and CO2 in the air. Of the 
total radiation that reaches the surface, about 40% is used for evapotranspiration. The authors also 
report that the radiation that reaches the surface is comprised 52% of infrared, 48% visible wavelength, 




and 4% ultraviolet. The infrared is absorbed mainly by water (wavelength > 1700 nm), not only in 
oceans, lakes and rivers, but also in the plant’s leaves (transpiration contributes approximately 50% to 
85% of the rainfall in the continents).   
Table 2.4: Balance of solar radiation and the photosynthesis proportion  
Solar radiation  MJ / m2 / day Proportion 





Solar radiation that enters the Earth’s atmosphere (excluding the radiation 
that is immediately reflected back to outer space) 
31.4 100.0%  
Radiation absorbed by the atmosphere before reaching the land surface 11.4 29.9%  
Radiation that reaches the terrestrial surface 22.0 70.1% 100.0% 
Radiation immediately reflected from the terrestrial surface 4.5 14.3% 20.5% 
Radiation released by the terrestrial surface after absorption 7.3 23.2% 33.2% 
Radiation absorbed by the terrestrial surface  10.2 32.5% 46.4% 
Uses of the absorbed radiation:     
 Evapotranspiration  8.7 27.7% 39.5% 
 Plant and air heating 0.8 2.5% 3.6% 
 Soil heating 0.5 1.6% 2.3% 
 Photosynthesis 0.2 0.6% 0.9% 
Source: Prepared by the author, adapted from Awad and Castro (1992). 
Plants can use only part of the sun light’s wavelength spectrum, primarily red light and blue light, 
whereas several other spectra, especially green light, are reflected back to the atmosphere or pass 
directly through the leaf. The absorption of sunlight depends also on the plant’s architecture and the 
absorbed sunlight in the leaf. Non-photosynthetic pigments absorb part of the sunlight, and the other 
part (after additional losses from photochemical processes) is used for photosynthesis, whereby some is 
used for carbohydrate synthesis and photo/dark respiration (Table 2.5). Consequently, only a small 
fraction of the solar energy that hits the leaves remains in the plant structure, potentially about 5.1% for 
C3 plants and 6.0% for C4 crops.  
Table 2.5: Energy balance simulation, from sunlight incidence on leaf to stored sunlight in photosynthetic products 
Losses Loss Remaining 
Incident energy outside photosynthetically active wavebands 50% 50% 
Reflected and transmitted light 5% 45% 
Light absorbed by non-photosynthetic pigments 1.8% 43.2% 
Photochemical inefficiency 8.4% 34.8% 
Photosynthetic type C3 C4 C3 C4 
   Carbohydrate synthesis 22.8% 24.8% 12.0% 10.0% 
   Photorespiration 3.5% 0.0% 8.5% 10.0% 
   Dark respiration 3.4% 4.0% 5.1% 6.0% 
Radiation Use Efficiency (RUE)     5.1% 6.0% 
Source: Woods (2013), citing Barber (2007) and Hall and Rao (1992) 




Similar potential RUE numbers were presented by Long et al. (2007), 5% for C3 crops, and 7.5% for C4 
(under NADP-ME metabolic synthesis), who also cited results of 3.1% for Echinochloa polystachya in 
Manaus (Brazil) and 2.0% for Mischanthus x giganteus in Essex (UK). Conversely, Gust (1996) suggests 
that the figure for sugarcane can be as high as 8.0%, although maize ranges between 1% and 2%, and 
non-commercial plants reach only approximately 0.2%. Therefore, photosynthesis represents an upper 
boundary for increasing crop yields for both food and energy crops, but still it seems to be much inferior 
to a theoretical limit which depends on several variables associated with plant genetics and 
environmental aspects, including availability of water and nutrients. 
According to Nogueira et al. (2013) sugarcane produced in the State of São Paulo, which is the leading 
state for the production of sugar and ethanol in Brazil, yields approximately 1.7% in commercial 
systems; they report 10% as the theoretical limit. This efficiency seems to be relatively low when 
compared with photovoltaic systems, but it is risky to make such comparisons out of context, 
particularly because PV and bioenergy often attain different end-uses, working as complementary 
sources instead of as competitive ones. Nogueira et al. (2013) also suggest that, although ordinary 
photovoltaic cells present about 15% efficiency, they have a relatively low capacity factor (approx. 25%, 
on average), and rely on an energy storage system (e.g., batteries), among others. Apart from the recent 
progress of electric and hybrid vehicles, fleet renewal is not a rapid process, particularly in developing 
countries (ITF, 2011). Furthermore, biofuels can be used in hybrid vehicles for lower carbon emissions, 
and they are possibly the only viable renewable energy to date which can directly replace liquid fossil 
fuels. Some transport modals are extremely dependent on liquid fuels, e.g., heavy-duty vehicles, ship 
freight and aviation.  
Major critics of bioenergy consider entropy as a bottleneck for obtaining a positive energy balance for 
bioenergy under a lifecycle analysis (Patzek & Pimentel, 2005). Entropy certainly is a major issue for 
energy production, but this applies to all energy systems, not only biomass (Strapasson & Fagá, 2007). In 
fact, it is definitely possible to obtain a positive energy result in the form of mechanical or thermal work 
from biomass sources (i.e., a favourable ‘exergy’ balance); otherwise, life on Earth might not be even 
possible to exist. There is no doubt that entropy always increase in a closed system, this is the principle 
of the second law of thermodynamics, but the entropy produced in the energy-crop cycle can be mostly 
compensated by the energy inflow of solar radiation, which is produced from fusion energy in the Sun’s 
core. Thus, looking at the Earth-Sun system as a whole, there will be an entropy increase overall, and 
thanks to this, it is possible to obtain a favourable exergy balance for biomass, i.e., re-organise carbon-
hydrogen structures and storage energy in their chemical bounds through photosynthesis. 




However, in a lifecycle assessment of commercial biomass production systems, the net exergy balance 
may be either positive or negative, depending on the type of crop, and the total energy inputs, outputs 
and losses involved in the whole system. For an ‘overall net annual exergy production’ (ΔEP), Alvarenga 
et al. (2013a) estimated negative balances for wheat and potato, and positive balances for maize, 
sugarcane and palm. In a different paper (Alvarenga et al., 2013b), these authors also suggested the use 
of exergy-based spatial explicit characterisation factors (CF) for land and resources in order to assess 
both biomass and area occupied on a global scale.      
Nutrients  
Plant nutrients, primarily nitrogen (N), phosphorus (P) and potassium (K), can be added to soils in the 
form of chemical fertilisers, but the global supply of some types of fertilisers may be constrained in the 
long term. Several authors have addressed the nutrient availability for commercial agriculture, and how 
to recycle nutrients in order to avoid future risks to international supply. They include van Raij (1991), 
Saab (2008), Skenhall (2011), CGEE (2009), and Vitti et al. (2012).  
Nitrogen, for example, is the main macronutrient for plants and is normally limited in agricultural soils, 
although it accounts for approximately 78% of the total atmospheric gases, excluding water vapour. 
Thus, the production of N fertilisers (usually in the form of NH3 or synthesised into other nitrated 
compounds) relies on the use of gas, oil or coal for fixing the atmospheric N2, through the Haber-Bosch 
process, in chemical industries. Thus, although nitrogen is an abundant resource on Earth, fossil fuels are 
decreasing over time. Hence, there is a need to find renewable processes to uptake it from the 
atmosphere, which may include solar energy and bioenergy as a potentially feasible option, apart from  
nuclear. The use of leguminous plants8 in rotation systems and animal manure could also help reduce 
the dependence on artificial N fertilisers in agriculture.  
Potassium, in the form of KCl, K2SO4 or KNO3, is usually extracted from rocks (e.g., kainite and 
langbeinite). Similarly, the global demand for phosphorus, as P2O5 or PO4
3-, is leading to increased 
mining of phosphate rocks (e.g., Chlor-Apatite, Fluor-Apatite and rock phosphate), although phosphorus 
reserves are still considerable in the short term (Dawson & Hilton, 2011). Thus, both raw materials and 
the energy needed for the production of such fertilisers will be subject to significant constraints in the 
coming decades because of their over-exploitation. A potential crisis in terms of fertiliser availability 
may be worse under political conflicts, because of their uneven geographical distribution.  
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 Some legumes (family Leguminosae), such as, soybean, peas, peanuts, alfafa and clover, can get N2 from the air, thanks to the 
presence of a symbiotic bacterium called Rizobium, forming nodules in the root system. Several researchers have been trying to 
extend this process to commercial Gramineae plants, including rice (Ladha & Reddy, 2000).  




In the case of energy crops, the over use of fertilisers may impact on the production of bioenergy in the 
long term, if the recycling capacity of this renewable energy source remains limited. The more efficient 
the recycling of nutrients, water, carbon and energy is, the more renewable bioenergy will be. 
Fundamentally, bioenergy resources supply the energy released by breaking the carbon-carbon and 
carbon-hydrogen chemical bonds in biomass through its combustion (Hilsdorf et al., 2004); regardless of 
the physical form: solid biomass, ethanol, biodiesel, bio-jet-fuel, biogas or other bioenergy. Therefore, 
the nutrients could ideally be entirely recycled in the production chain.  
Water 
Water availability may represent a barrier to crop yield growth and expansion worldwide (FAO, 2011b). 
Although water is a renewable resource, its quality and distribution in the planet may geographically 
vary over time, especially because of anthropogenic impacts. For example, if the rainy season in a 
certain region is affected by climate change, this impacts on the potential rates of crop yield growth as 
well. Likewise, countries using irrigation also have to take this issue into account, especially those 
currently over-exploiting water from aquifers and dams (e.g., India, China).  
Hence, efficient water management is a fundamental pre-condition for increasing global productivity of 
agriculture, including energy crops. For example, the production of sugarcane ethanol in countries like 
Brazil is relatively intensive in terms of water consumption, especially in the industrial processes, and 
this issue has been recently the object of several regulatory measures (e.g., environmental criteria) for 
water conservation and reuse (ANA, 2009). Further discussions on water management in the context of 
bioenergy are presented in Section 2.3.3.6 of this chapter. 
2.2.2.2. Climate change effects on crop yields 
The dynamics of crop yields is a complex issue and far from reaching a consensus, especially given the 
uncertainties associated with the future of agriculture; for example, the potential gains from a greater 
use of biotechnologies vs. the potential negative impacts of climate change on agriculture. According to 
the IPCC (2014a), climate change usually causes negative impacts on agriculture, although some positive 
impacts have been seen in some regions under certain specific conditions. Figure 2.12 shows that past 
crop yield growths could have been higher than they actually were if they had not been affected by 
climate change.   





Figure 2.12: Estimated impacts of observed climate changes on crop yields from 1960 to 2013. 
Source: IPCC (2014a). Note by IPCC: the number of data points analysed given within parentheses for each category. 
As shown by IPCC (2014a), several models have tried to simulate the potential impacts of climate change 
on crop yields, according to different assumptions and levels of temperature increase and carbon 
dioxide in the atmosphere (Figure 2.13). In some extreme scenarios (e.g., RCP 8.59), the negative 
impacts of climate change on crop yields could surpass the normal trends of crop yield growth, as 
presented in Figure 2.9, resulting in a very low net crop yield growth globally (potentially even  
negative), which would represent an unprecedented challenge in terms of promoting sustainable land 
use. Lobell et al. (2011), for instance, suggest that yields of maize and wheat are usually sensitive to 
temperatures above 30oC, particularly in the growing season under drought weather, affecting their 
overall performance.  
 
Figure 2.13: Summary of projected changes in crop yields, owed to climate change over the twenty-first century 
Source: IPCC (2014a). Note by IPCC: The figure includes projections for different emission scenarios, for tropical and temperate regions, and for 
adaptation and no-adaptation cases combined. Relatively few studies have considered impacts on cropping systems for scenarios where global 
mean temperatures increase by 4°C or more. For five timeframes in the short term and long term, data (n=1090) are plotted for the 20-year 
period on the horizontal axis that includes the midpoint of each future projection period. Changes in crop yields are relative to late twentieth 
century levels. Data for each timeframe sum to 100%. 
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 In the Fifth Assessment Report (AR5) published by IPCC (2014a), a number of Representative Concentration Pathways (RCPs) is 
proposed for assessing ranges of potential global warming scenarios. Each RCP represents an equivalent radiative forcing effect 
in the year 2100 relative to pre-industrial levels, such as, +2.6, +4.5, +6.0 and +8.5 W/m
2
 globally.   




2.2.2.3. Farming feedbacks  
With or without climate change effects, if a farmer increases agricultural productivity, theoretically it 
would be possible to produce more food by using the freed-up land, and/or to promote forest recovery 
and conservation. However, in practice, such changes are more complex than a direct consequential 
interaction, and are subject to many factors such as food market elasticity, changes in consumers’ 
dietary preferences, food trade barriers and national and international subsidies. In additional, farmers’ 
skills, education, age and the availability of capital are also major obstacles to development. Ewers et al. 
(2009), for example, discussed the effects of food prices and subsidies on land use dynamics, concluding 
that more land sparing does not necessary mean more conservation. Rudel et al. (2009) presented the 
effects of price elasticity on the potential increase/decrease of spared land, showing that in many cases 
there is no clear correlation between them. Both modelled the impacts caused from the food supply 
side, although the opposite is also possible.  
There are a number of reasons for such non-linear effects of crop yields and land use changes, but some 
of them are not usually mentioned, e.g., reductions in production costs and farmer’s profit margins, as 
well as the negative effects of international subsidies. According to Vieira (2002), the relative increases 
in food prices could be desirable to increase food production worldwide, because they are not reflecting 
actual production costs. He states that a continuous reduction in the relative price of food has occurred 
since the 1970s; consequently, the governments of developed countries have increased their subsidies 
to agriculture in order to protect farmers. However, under subsidiary policies, it is possible either to 
maintain or increase food production even if the market prices are below the production costs, which 
penalises unprotected farmers in the poorest countries.   
The commoditisation of several agricultural products adds even more complexity to assessment of the 
relationship between food production, consumption and forest conservation. For example, Villoria et al. 
(2013) assessed the effects of yield improvements in forest borders, and discussed the land use effects 
associated with oil palm plantations, addressing not only the potential risks of direct deforestation but 
also the potential forest re-establishment required elsewhere in order to re-equilibrate the market, i.e., 
the potential indirect land use change. Livestock yields are subject to these complex interactions as well.  
 
 




2.2.3. Livestock yields 
The production of meat to meet future demand poses a major challenge for land use change, 
particularly because pasture represents the largest area of productive land in the world, i.e., larger than 
crop land and commercial forest land. However, through substantial livestock yield increase, less area 
would be used for livestock production and more area would be potentially available for other purposes, 
e.g., the production of grains, forest or bioenergy crops. There is a trend towards a gradual annual 
increase in livestock yields worldwide, particularly because of a significant yield gap in developing 
countries and the prevalence of extensive production systems. FAO (2012), for instance, estimates an 
annual livestock production growth of about 1.4% by 2030 and 0.9% from 2030 to 2050. However, such 
a growth rate is relative, because it depends on what is included in the estimates. In fact, several 
different issues can affect the overall livestock productivity besides pasture yields, e.g., feed conversion 
ratio, intensification of animals and animal density. Monogastric animals (e.g., chickens, pigs) do not 
require pasturelands10 to be reared, apart from the area necessary for producing animal feed; and 
ruminants (cattle, sheep, goats) are mostly reared on grasslands worldwide, although feedlot systems 
are also a growing alternative. All these issues were considered in the GLUC Model. 
2.2.3.1. Feed Conversion Ratio (FCR) 
FCR represents the conversion efficiency of meat or, in other words, the proportion of inputs (e.g., grain, 
grass) converted into edible meat. FCRs may vary according to the type of animal, genetics, age, lifetime, 
region, feed quality, and the animal husbandry system, i.e., the way farmers manage their livestock. 
Figure 2.14 illustrates the estimated FCR for different types of animals globally in energy terms (i.e., not 
in weight terms) based on FAO (2006a), Galloway et al. (2007), Best (2011) and Wirsenius (2000).  
 
Figure 2.14: Global Feed Conversion Ratios (FCRs), in energy terms 
Source: Prepared by the author, adapted from FAO (2006a), Galloway et al. (2007), Best (2011) and Wirsenius (2000). 
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 With the exception of herbivores with a monogastric stomach, e.g., equines, which can digest celluloses from gasses, thanks 
to symbiotic bacteria in their adapted guts.   




In fact, there is currently no comprehensive database available for FCR on global scale per type of 
animal, and therefore these values are just an approximation, given the level of uncertainty associated 
with this issue. FCRs may also vary on a local level or even within a farm. Thornton (2013) reports an 
example of a company in New Zealand which obtained a feed conversion for broiler production, albeit in 
weight terms, as high as 1.55 (in a range of 1.40 to 1.60). The animals provided 1 kg of edible meat for 
each 1.55 kg of feed intake, equivalent to 65% efficiency, which even in energy terms is much superior 
to the world averages presented above.  
World FCR averages for cattle are substantially affected by the low livestock yields presented in India, 
which has the largest number of bovines in the world, thanks to religious observance. However, the 
future expansion of beef production is expected to occur in a large number of other countries, too, 
including Canada, USA, Australia, New Zealand, Argentina, Brazil, Paraguay and Uruguay, through 
greater use of livestock technology, especially animal breeding. Brazil, for example, moved from being a 
beef-importing nation 20 years ago to the largest beef exporter in the world (Strapasson et al., 2012). 
According to Millen et al. (2011), the country has also reduced the production cycle of animals in the last 
few decades, and therefore presented a negative growth rate of methane emissions from enteric 
fermentation per unit of beef produced, although the total enteric methane emissions increased in the 
same period.  
2.2.3.2. Intensification of animals 
The intensification of animals means the proportion of animals raised in intensive livestock systems 
(feedlot) vs. pasture. In terms of land use, it is a major issue for the production of ruminants. In some 
countries (e.g., Argentina, Brazil and Paraguay) grazing systems are the mainstream, whereas in others 
(e.g., the USA, Canada and European countries) feedlot systems (aka confined systems) prevail. In 
contrast, grazing systems are still the dominant practice worldwide. Only approximately 6% of cattle and 
1% of sheep and goats are reared in intensive systems, at a rough estimate from FAO (2006a, 2012). 
Even though confined and semi-confined systems often present higher efficiencies, they also require  
substantial land use for producing feed, i.e., an external area (in the same farm or elsewhere) for 
cultivating animal feed products, such as maize, soybean, oats, sorghum, barley and hay (FAO, 2006a). 
Moreover, the international trade in animal feed can result in higher CO2 emissions for transporting 
such products worldwide, e.g., by using road transport and long distance freights, even though the 
majority of emissions usually stem from fertiliser use, machinery, and land-use change. Confined 
systems are also the subject of controversial debates on animal welfare, and beef exporters using 
mostly grazing systems can take advantage of countries looking for “natural beef” (Millet et al., 2013). 
On the other hand, feedlot systems usually maximise the production chain, e.g., some farmers specialise 




only in fattening animals acquired form other farmers before they go to slaughter houses (abattoirs) 
(Price, 2013). 
2.2.3.3. Animal density 
Animal density represents the number of animals per unit of area, particularly ruminants in grazing 
systems (e.g., number of cows per hectare). Thus, the concentration of animals depends on the carrying 
capacity of pastures. In several regions of Latin America and Africa, for example, the use of extensive 
systems for producing cattle, sheep and goats it is quite common, leading to a low animal density, often 
much below their natural carrying capacity (Landers, 2007). Thus, in some regions, it is not only possible 
to increase the number of animals on grasslands, but also to convert degraded pasturelands into 
efficient planted pastures in order to boost grassland performance, as discussed by Rodrigues et al. 
(2000). Forages like Brachiaria spp., Panicum maximum, Pennisetum spp., Paspalum spp., and Medicago 
sativa (alfafa or lucerne), for example, can play a major role in increasing the animal density in several 
regions, particularly in tropical regions with significant availability of land resources.  
Even in temperate countries like the UK, grazed grass, when well-managed, can be the cheapest 
alternative for livestock production, supplying about 90% of the energy requirements for cattle and 
sheep and 70% for dairy cows (Buckingham et al., 2013). These authors also describes a grazing system 
of reference which uses a combination of high sugar grasses, white clover and chicory, and report the 
advantages of using rotational systems. Similarly, Balsom (2013) shows that with modern grazing 
systems it is possible to significantly increase carrying capacity and at the same time improve soil 
conditions.  
2.2.4. Forest dynamics 
According to FAO (2014), the last decades have presented some extreme deforestation rates as high as 
0.2% a year. In many regions under deforestation, the opportunity costs of converting native forest to 
arable lands or pastures, instead of protecting the forest, acted as a major driver of deforestation. Other 
common issues related to deforestation are illegal logging, land grabbing, rural settlements, 
infrastructure (e.g., new highways, energy transmission lines) and the construction of large dams, e.g., 
for hydropower, irrigation, fishing or drinking water reservoirs. Figure 2.15 shows the variation of area 
of different land use types globally.  





Figure 2.15: Selected land use types worldwide 
Source: Prepared by the author, from the FAO (2014) database 
The world forest area has been decreasing almost linearly, from 4,168 Mha in 1980 to 4,022 Mha in 
2012. Nevertheless, other land use types have increased their area in the same period, as follows: 
permanent meadows and pastures (from 3,305 Mha in 1990 to 3,360 in 2012); arable land and 
permanent crops (from 1,519 Mha in 1990 to 1,563 in 2012); and inland water (from 399 Mha in 1990 to 
457 Mha in 2012). Total changes in forest area represent a net result of deforestation in some regions 
and afforestation/reforestation in others, including commercial forests. Figure 2.16 (MEA, 2005) 
presents a visual representation of the regions where deforestation was more intensive in the 1980s 
and 1990s, as well as land degradation and forest gains. 
 
Figure 2.16: Forest cover change (1980-2000)  
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When looking closely at a certain region, it is possible to identify how volatile land use change in a forest 
can be. For example, the Amazon Forest is the largest rainforest of the world, mostly located in Brazil, 
and deforestation has varied considerably over time (Figure 2.17). Araújo and Strapasson (2009) noted 
that the main causes of such deforestation are illegal logging, land grabbing, livestock and agricultural 
expansion, but that apparently there was no significant correlation with biofuel crops, which occupy less 
than 1% of the Brazilian territory and are mostly produced in the central-south and north-east regions, 
far from the Amazon borders in the northern region. In this region, the expansion of pasture over forest 
is commonly motivated by claiming property rights and obtaining income by trading wood from illegal 
logging, rather than necessarily a profitable cattle ranching activity. Recently, Brazil approved a new 
forest code (Federal Law 12.651/2012), but its effective impacts on forest conservation are still 
uncertain, as shown by Silva et al. (2012) in a book commissioned by the Brazilian Society for the 
Advancement of Science (SBPC) and the Brazilian Academy of Sciences (ABC).  
 
Figure 2.17: Amazon deforestation rate, per Brazilian State of the Amazon Region (Legal Amazon) 
Source: prepared by the author, using data from INPE (2014). 
Reducing deforestation is a complex issue and is commonly associated with strong land use regulation, 
which includes mechanisms of control (e.g., legal enforcement, fees, taxes, expropriation, confiscation, 
arrest, market restrictions, establishment of new protected areas) and incentives (e.g., better financial 
rates for sustainable activities, certification schemes, payment for environmental services). Forests are a 
major carbon sink, but payments for their environmental services are not currently in place (Popo-Ola et 
al., 2011). REDD+,11 for example, may be an important financial mechanism for promoting forest 
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 According to UN-REDD (2014), ‘Reducing Emissions from Deforestation and Forest Degradation (REDD) is an 
effort to create a financial value for the carbon stored in forests, offering incentives for developing countries to 












































conservation or afforestation/reforestation whilst also protecting biodiversity and reducing carbon 
emissions (UN-REDD, 2011). Education, capacity building and environmental awareness are also 
essential, especially as a long-term strategy. 
Another way to avoid deforestation is through the creation of protected forest areas, which does not 
per se ensure protection, but usually contributes towards conservation. According to Schmitt et al. 
(2009), protected forests account for approximately 7.7% or 13.5% (depending on the forest categories 
considered) of the global forest cover (Table 2.6), figures also quoted by UNEP (2011b). The UN 
Convention on Biological Diversity (CBD) recommends the target of ‘at least 10% of each of the world’s 
forest type effectively conserved’ (decision IX/5, Programme of Work on Forest), which was agreed 
during its Ninth Conference of the Parties (COP9), in Bonn, in 2008 (UNEP-WCMC et al., 2009).   
Table 2.6: Protected forest lands in the world (>10% tree cover) 





IUCN I–VI  
(% Protected) 
Global Forest Cover  38,998 7.7 13.5 
Temperate broadleaf evergreen forest  180 28.0 34.2 
Tropical upper montane forest  476 18.2 26.1 
Tropical semi-evergreen moist broadleaf forest  843 17.7 26.4 
Tropical sclerophyllous dry forest  241 16.0 16.5 
Tropical mangrove  119 14.2 20.7 
Temperate sclerophyllous dry forest  392 13.1 24.1 
Tropical lower montane forest 448 12.7 17.5 
Tropical lowland evergreen broadleaf rainforest  6,489 10.3 20.8 
Tropical thorn forest  10 9.5 22.2 
Tropical deciduous/semi-deciduous broadleaf forest  1,729 8.9 12.6 
Tropical needle leaf forest  32 8.8 13.3 
Tropical sparse trees/parkland  1,007 8.0 11.0 
Temperate evergreen needle-leaf forest  6,501 7.6 14.1 
Tropical freshwater swamp forest  440 6.9 8.6 
Temperate sparse trees/parkland  1,939 6.1 8.7 
Temperate deciduous broadleaf forest  2,689 5.7 12.8 
Temperate mixed broadleaf/needle-leaf forest  1,435 4.4 8.5 
Temperate deciduous needle-leaf forest  2,625 4.3 5.8 
Tropical mixed needle-leaf/broadleaf forest  9 4.3 6.7 
Temperate freshwater swamp forest  89 3.2 8.2 
Unresolved tree cover  11,305 5.8 10.4 
Mean (and median) forest protection per GFM forest type 
(unresolved cover not included), % normally distributed 
 10.4 (8.9) 15.9 (13.7) 
Source:  Schmitt et al. (2009)  
Notwithstanding the above, OECD (2012) estimates that the net deforestation is likely to continue until 
2020, as a world average, although possibly reversing the trend from 2020, as illustrated in Figure 2.18. 
Yet, for developing countries, this breakeven point is expected to occur only in 2030 for developing 
countries (excluding BRICS12). In the long term, a significant recovery is foreseen (106% by 2050 over the 
2010 baseline), because of regeneration, restoration, reforestation and afforestation, including 
                                                                                                                                                                                           
beyond deforestation and forest degradation, and includes the role of conservation, sustainable management of 
forests and enhancement of forest carbon stocks.’ 
12
 Brazil, Russia, India, China and South Africa. 




plantations. Similarly, MEA (2005) also estimated some scenarios of forest loss and gain by 2050, albeit 
with different ranges. 
 
Figure 2.18: Projected change in global forest cover (2010-2050) 
Source: OECD (2012) 
2.2.4.1. Soil and vegetation carbon 
There is no comprehensive world soil-carbon assessment to date, and therefore it is difficult to estimate 
soil carbon emissions/removals accurately from land use changes on a global scale. IPCC (2000, LULUCF 
Report) roughly estimated the soil carbon stocks for 1 m depth for the main global biomes (Table 2.7); 
however it clearly points out the considerable uncertainty in its estimates, given the ambiguity of biome 
definitions. More recently, Pan et al. (2011) presented new estimates for soil carbon worldwide, but 
only for forests. They suggested that the total global carbon stocks in forests are approximately 861 Gt C 
(471 Gt C in tropical forest, 272 Gt C in boreal forest, and 119 Gt C in temperate forest).13 Out of this 
total, soil carbon in forests accounts for approximately 383 Gt C for 1 m depth, and live biomass (above 
and below ground) about 363 Gt C. These authors also estimated the density of carbon stocks in tropical 
forests (242 t C ha-1), boreal forests (239 t C ha-1) and temperate forests (155 t C ha-1), on global average.  
Table 2.7: Global carbon stocks in vegetation and soil carbon pools down to a depth of 1m 
Biome Area 
(109 ha)  
Global Carbon Stocks (Gt C)  
Vegetation  Soil  Total  
Tropical forests 1.76  212  216  428  
Temperate forests 1.04  59  100  159  
Boreal forests 1.37  88  471  559  
Tropical savannahs 2.25  66  264  330  
Temperate grasslands 1.25  9  295  304  
Deserts and semi-deserts 4.55  8  191  199  
Tundra 0.95  6  121  127  
Wetlands 0.35  15  225  240  
Croplands 1.60  3  128  131  
Total 15.12  466  2011  2477 
Source: IPCC (2000)  
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 Assuming 1 tonne = 10
3
 kilogrammes (SI), i.e., metric tonnes.  




Changes in soil carbon are subject to site conditions, including several variables, such as temperature, 
root systems, soil biota, structure and humidity, as well as, the type of aboveground vegetation and the 
intervention scheme (e.g., conventional tilling vs. zero tillage). In general, soil carbon is lost more rapidly 
than it is accumulated, and rapidly oxidises when the soil is ploughed, drained or the vegetation burnt. 
In addition, Van Groenigen et al. (2014) suggest that soil carbon decomposition may increase under 
increased atmospheric CO2 concentration. Soil organic matter is usually more concentrated in the soil’s 
upper layers (A and B horizons). On the other hand, carbon sink may vary depending on site conditions, 
too, but equilibrium is normally reached between 20 and 100 years. ECCP (2003, citing IPCC (1997)) 
suggests that after 20 years the carbon sequestration potential may be minimal. It is also worth noting 
that most of the national soil carbon inventories use 30 cm depth as a default, and there is no IPCC 
methodology approved for 1 m depth yet. 
Similarly, in an afforested/reforested area, the aboveground vegetation accumulates gradually, 
following the different stages of forest successions until maturity. According to IPCC (2000), the carbon 
uptake in new forests can continue for 20 to 50 years or more after establishment, depending on 
species and site conditions. Figure 2.19 shows the main carbon flows in a typical forest. 
Figure 2.19: Forest carbon cycle 
Source: Adapted from Mégevand (1998), cited by Pop-Ola et al. (2012) 
Greenhouse gas emissions from agriculture, forest and other land use (AFOLU) are subject to many 
uncertainties, and their results may vary depending on the methodology used and assumptions adopted 
in their assessments. IPCC (2014c) suggested that AFOLU emissions accounted for approximately 10 
GtCO2eq/yr. between 2000 and 2009 (Figure 2.20). In 2010, the direct and indirect AFOLU emissions 
represented about 12 Gt, which is equivalent to approximately 25% of the total GHG emissions in all 
economic sectors (49 GtCO2eq) (Figure 2.21). Tubiello et al. (2015 – forecast, in press) present a review 
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average) in 2010 for total AFOLU emissions, of which 4.2 to 5.5 GtCO2eq from forest and other land use 
(FOLU) (4.9±0.6 GtCO2eq on average), and 5.2 to 5.8 GtCO2eq from agriculture (5.4±0.3 GtCO2eq on 
average). Previously to this review, Tubiello et al. (2014) presented some disaggregated statistics in a 
1990-2011 analysis for AFOLU as well.  
 
Figure 2.20: Global AFOLU emissions 
Source: IPCC (2014c) 
 
Figure 2.21: GHG emissions by economic sectors 
Source: IPCC (2014b) 
Similar results for FOLU emissions are shown in Figure 2.22, in which they account for 11% of the total 
GHG emissions in 2010, i.e., approximately 5 GtCO2eq. It is worth mentioning that this figure depicts the 
amount of emissions by group of gases with large standard deviation bars, which reflect the high 
uncertainty associated with their estimates. Regardless of that, FOLU emissions could be substantially 
reduced by halting deforestation. In contrast, it is clear that CO2 from fossil fuel and industrial processes 
is the dominant source, which increased from 55% in 1970 to 65% in 2010 of the total emissions, a 
variation that is almost equivalent to the total FOLU emissions in 2010.  
 
Figure 2.22: Total annual anthropogenic GHG emissions by group of gases 
Source: IPCC (2014b) 




2.2.5. Land use integration  
In addition to crop and livestock yields, land resources can be used in multiple ways by exploring the 
synergies from integrating different land use systems (e.g., agriculture, forestry and pasture), as well as 
by producing several crops in the same area during a season, which can be maximised by increasing 
total efficiency. This issue is the subject of a vast literature and technological innovations, and it is not 
the aim here to discuss them in detail. Instead, the objective is to present a quick overview of the topic 
to contextualise the subsequent assumptions used in the methodology of this thesis, but the reader is 
encouraged to explore the references used. The definitions of the land use classifications here used are 
available in Kalas et al. (2014), using FAO (2014). 
2.2.5.1. Integrated agro-forestry-livestock systems 
There are several ways to integrate different land use activities in a large range of crops, forestry and 
livestock systems. Agroforestry systems, for example, are a common agronomical practice in several 
regions, ranging from modern to subsistence schemes, and usually present substantial benefits (Okorio, 
2006). According to FAO (2013), they can help to protect and sustain agricultural productive capacity; 
ensure food diversity and seasonal nutritional security; diversify rural incomes; strengthen resilience to 
climatic fluctuations; and help perpetuate local knowledge and social and cultural values. The 
combination of animals and forestry schemes can increase the overall productivity as well. Humidtropics 
(2012) also advocates in this direction, showing several positive integrated schemes, including co-
cropping systems, in many tropical countries, especially in Africa. Thus, the integration of agriculture, 
forestry and livestock can improve resilience of farmers, protect the soil from erosion and diversify rural 
landscapes (FAO, 2013).   
Rodrigues (2008) considers that integrated agriculture and livestock could be a new paradigm for rural 
areas and play a major role in the recovery of degraded lands, citing the Brazilian experience. He 
suggests that under this scheme Brazil could maximise land use throughout the whole year by planting 
grains over small grasses; after harvesting the grains regrow, supporting up to five cattle per hectare, 
whereas on average Brazil currently has approximately one head of cattle per hectare. In addition, there 
are also large environmental conservation benefits of agro-pasture integration compared with 
conventional pasture or crop schemes (Landers, 2007). For example, with nitrogen-fixing leguminous 
plants (e.g., soybean) in rotation with true grasses (Gramineae), there is almost no need for nitrogen 
fertilisers (Valéria, 2013). 
Alvarenga and Noce (2005) also report several agro-pasture schemes (e.g., crops succeeded by annual 
forages; rotation of annual crops with perennial pastures; reform of pastures using annual crops; and 




Santa Fé’s system of crop-livestock integration), all of them offering substantial gains to farmers. 
Alvarenga et al. (2005) also describe successful maize-forage integration schemes and describe their 
many advantages: 
 diversification of activities and production systems, which can increase income stability 
throughout the year; 
 association of the low risk of livestock activities with the possibility of obtaining high revenues 
from crop trading, which can be used for improving soil conditions by using fertilisers and liming; 
 feasible recovery of the productive potential of deforested areas, particularly degraded 
pasturelands, reducing the pressure on native ecosystems;  
 optimal use of machines, equipment, inputs and labour throughout the year, which can be 
allocated to livestock activities in the off season; 
 reduction of the incidence of pests, diseases and weed in crops, because of the rotation of plants, 
and consequently reduction of costs and the use of agrochemicals as well;  
 increased efficiency of agrochemical and fertilisers though co-cropping or successions of crops 
and grasses in the same area, e.g., by using the residual fertilisers from an earlier crop; 
 introducing forage during the production of crop to produce a significant amount of straw; hence, 
it is possible to use no-tillage schemes in the subsequent seeding which have several advantages, 
such as increasing the soil organic matter, improving soil structure, and reducing soil erosion by 
keeping the soil covered throughout the year.  
Integrated Agriculture-Aquaculture (IAA) can also present manifold interactions, by joining water and 
land resources, as described by FAO (2001). Some examples are shown in Table 2.8.  
Table 2.8: Examples of integrated schemes for aquaculture 
Integrated schemes Aquaculture 
Agriculture  Integrated Rice-Fish in India (DFID, 2000), Malaysia (Ali, 2001), Indonesia (Cruz, 2001), 
Philippines (Cruz et al., 2001; Fermin et al., 2001) and China (Guo, 2001). 
 Integrated Rice-Prawn/Shrimp in coastal lands (Hung, 2001) and in the delta of the 
Mekong river (Duong, 2001);  
 Fish-horticulture in India (Tripathi and Sharma, 2001).  
Pasture  Integrated Fodder-Fish in Malaysia (Ahmad, 2001). 
 Integrated Grass-Fish (Yang et al., 2001) and embankment-fish systems (Min and Hu, 
2001) in China. 
Livestock  Integrated Pig-Fish in India (Tripathi and Sharma, 2001) and in Philippines (Fermin, 2001); 
 Integrated  Fish-Chicken farming in Bangladesh (Gupta and Noble, 2001) and Fish-Duck in 
India (Tripathi and Sharma, 2001); 
Multi-systems  A broadly integrated system in Vietnam that combines home lot, garden, livestock and 
fishpond activities, called VAC (Vuon Ao Chung in Vietnamese, which means garden, 
pond, livestock pen) (Luu, 2001).  
Source: Prepared by the author, using FAO (2011) and several of the references (cited within the table).  




Conversely, an overexploitation of land resources because of inappropriate integrations and 
mismanagement, can lead to land degradation, even though, overall, land use integration is associated 
with benefits for the farmers. Even in urban areas, land integration is possible, particularly for small-
scale systems (Lwasa et al., 2012; Moreno-Penaranda, 2011).  
2.2.5.2. Multi-cropping systems  
In addition to the integration of different land-use types, another way to increase land-use efficiency is 
to produce several crops in the same area throughout the year. Dual-cropping schemes are a common 
practice in both tropical and temperate regions, and usually consist of a summer crop followed by a 
winter crop in the same year. In tropical regions, it is possible to go even further, using triple-cropping 
schemes, e.g., starting with a summer crop, then a second summer crop with a short cycle, followed by 
a winter crop. With restricted capacities, temperate regions can manage the low winter temperatures 
and long nights by using greenhouses and even artificial lights; semiarid regions can use fert-irrigation14 
to maximise integration. Nevertheless, tropical countries with favourable soil and climate conditions can 
take natural advantage of substantial sunlight to meet crops’ photoperiodic needs, as well as water and 
temperature, all year round; and this is exactly where most of the developing and least developing 
countries are located. 
As shown by FAO (2012), Table 2.9 presents the historical and potential global yield increase of crop 
production through arable land expansion and cropping intensity, which includes land integration. 
Similarly, Byerlee and Deininger (2013) state the advantages of intensification vs. expansion, particularly 
in developing countries with either little land for expansion (low yield gap, e.g., East-Asian countries; 
high yield gap, e.g., South-Asian countries) or large suitable land available (low yield gap, e.g., Argentina 
and Brazil; high yield gap, e.g., several African countries). The same authors also discuss the potential 
impacts caused by land grabbing and international acquisitions of land resources.  
Table 2.9. Sources of growth in crop production (%)  
 Arable land expansion (%) Increases in cropping intensity (%) Yield increases (%) 
 1961-2007 2005/07-2050 1961-2007 2005/07-2050 1961-2007 2005/07-2050 
All developing countries 23 21 8 6 70 73 
  Sub-Saharan Africa   31 20 31 6 38 74 
  Near East and North Africa   17 0 22 20 62 80 
  Latin America and the Caribbean 40 40 7 7 53 53 
  South Asia 6 6 12 2 82 92 
  East Asia 28 0 -6 15 77 85 
World 14 10 9 10 77 80 
Source: FAO (2012), using historical estimates from Bruinsma (2011).  
                                                          
14
 Fert-irrigation, aka fertigation, is the use of fertilisers and other soluble products on soils through irrigation systems. For 
instance, Ravikumar et al. (2011) assessed the use of fertigation in sugargane fields, using micro-irrigation systems.  




Therefore, understanding the overlapping of land-use types is essential in any discussion of both food 
security and future land availability for bioenergy and other land uses. Cox et al. (2009), for example, 
described the beneficial effect of dual-cropping systems on the establishment of switchgrass fields. 
Similarly, sugarcane, which is largely used for biofuels in Brazil, is also suited to integration schemes. It is 
a semi-perennial crop which usually has a five- or six-year cycle, depending on the region and 
production system, and, therefore, every year approximately 12% to 18% of sugarcane fields are 
renewed (Bressan Filho, 2009). The rotation area is usually cultivated with a temporary leguminous 
crop, such as peanut or soybean, before the instalment of a new sugarcane field. Some studies (e.g., 
Queiroz et al., 2013; Teixeira et al., 1997) suggest the use of sweet sorghum in these rotation areas or 
elsewhere to complement ethanol production in sugarcane mills, which normally operate about 220 
days a year only, because of the sugarcane harvesting season.  
Thus, the potential of multi-cropping systems is difficult to assess on a global scale, and the issue is 
commonly misunderstood as a double counting of crop productivity, when in fact it is not. FAO 
estimates crop yield growth as the result of crop production divided its respective harvested area, which 
can be bigger or smaller than the actual land size. Thus, to discuss agricultural production based on 
actual land availability, it is necessary to split the land use types and understand the overlaps, potentials 
and trends. Table 2.10 shows some multiple-cropping indexes for several countries (Langeveld et al., 
2013) which are based on such overlaps.   
Table 2.10. Land cover and land use (in million hectares), and multiple cropping indexes 
Region Total land Forest Agriculture Permanent 
grassland 
Arable area Multiple 
cropping index 
Brazil 846 520 273 196 50 0.86 
USA 914 304 411 249 160 0.82 
EU 418 157 187 68 107 0.84 
Indonesia and Malaysia 214 115 62 11 25 1.21 
China  933 207 519 393 111 1.45 
Mozambique 88 39 49 44 5 1.08 
South Africa 121 9 97 84 13 0.53 
Source: Langeveld et al. (2013) 
 
 




2.2.6.  Wastes and residues 
Wastes and residues are generated in different stages of the production chain. In the case of agricultural 
products, they can be grouped as on-farm residues (i.e., before leaving the farm’s gate), and post-farm 
residues and wastes (i.e., from the farm’s gate to consumers, disposal/recycling).  
2.2.6.1. On-farm residues 
On-farm residues equate to approximately 100% of the total food amount produced. It means that, on 
average, for each tonne of food that leaves the farm, another tonne remains within the farm as straws, 
leaves, roots etc. In Table 2.11, Woods (2007) shows a number of production coefficients for several 
crops. These coefficients represent the amount of residue in farms per amount of food produced. These 
residues are usually left on soil (increasing soil organic matter), but they can also be used as animal feed 
and bioenergy.  
Table 2.11. Crop residue production coefficients 
 
Source: Woods (2007), using several sources. 
On-farm residues also include wastes from livestock production. Animal slurry can be used as an organic 
fertiliser and/or for biogas production, through anaerobic fermentation in bio-digesters. If not properly 
treated and disposed of, animal slurry can become a source of pollution to soil, plant, water and even 
human health, because of diseases associated with them, e.g., cysticercosis and diarrhoea. Girotto et al. 
(2010), for example, assessed the successive use of pig slurry on soils, showing that it can contaminate 
soils when it exceeds their carrying capacity, particularly with copper and zinc, which can become toxic 
to plants, and damage water tables and rivers.  
When disposed of directly in water bodies, animal slurries are subject, first to aerobic decomposition, 
whereby the microorganisms take dissolved oxygen in water to digest the slurry organic particles, and, 
therefore, result in high Biochemical Oxygen Demand (BOD). For swine slurry, for example, BOD is 
approximately 30,000 to 52,000 mg/L, which is much superior to human sewage, of about 200 mg/L 
(Oliveira, 1993). Slurries can also cause eutrophication of water bodies, as a result of an excessive 
increase of algae because of a substantial increase of nutrients (e.g., nitrates and phosphorus) in water 
bodies, and consequently increasing decomposing bacteria, which reduce the oxygen available for other 




aquatic species. Thus, in large and successive amounts, these animal effluents can not only contaminate 
soils, but also damage the aquatic biota by depleting oxygen in water, as seen in many regions 
worldwide, especially near intensive production sites (Sinotti, 2005; Souza et al., 2009; Araújo et al., 
2012; Sá, 2012).  
Therefore, the production of biogas from animal-slurry treatment can help to mitigate an environmental 
problem and at the same time produce a renewable energy source. Angonese et al. (2006) show that 
the treatment of swine slurry in bio-digesters can reduce the BOD by 75%, providing an excellent 
organic fertiliser, although still not suitable for being discharged directly into water bodies. The use of 
anaerobic-digestion methane, when burnt in a flare or (even better) combusted for heating, cooking or 
power, can contribute to carbon mitigation, given the reduction of the global warming potential. 
Methane has a GWP 28 to 34 times that of carbon dioxide in a 100-year time horizon (IPCC, 2013), and 
besides the combustion of biogas (CH4 + 2O2  CO2 + 2H2O) is an exothermic reaction from a natural 
gas-like fuel obtained from a renewable process. Although the production of biogas is a traditional 
energy source in rural areas, its use to mitigate global warming is relatively recent, with significant 
potential to the carbon market. See, for example, the large number of biogas projects implemented 
worldwide in the recent years under the Clean Development Mechanism (CDM) of the Kyoto Protocol, in 
not only animal slurry but also landfills (UNFCCC, 2014).   
2.2.6.2. Post-farm wastes  
Currently, there is substantial production of post-farm organic wastes worldwide. As suggested by 
several authors (Partiff et. al., 2010; Foresight, 2011; Themelis, 2014), they represent around 30 to 40% 
(in weight terms) out of the total food production eventually reaching landfill or open-dump sites. This 
includes wastes from food industries, transport, storage, retail market and consumers.   
UNEP (2011a) reports that the world production of municipal waste accounts for approximately 1.7 to 
1.9 billion metric tonnes (OECD countries: 700 million tonnes), and hazardous wastes for approximately 
490 million metric tonnes (OECD countries: 120 million tonnes), which includes industrial and hospital 
wastes. Waste collection in developing countries, on average, is lower than 70%, more than 50% being 
improperly disposed of (e.g., uncontrolled landfills) and approximately 15% unsafely and informally 
recycled (Chalmin & Gaillochet, 2009; Modak, 2010). Organic wastes can also be used as a natural 
fertiliser through composting (rot), instead of being simply discharged. Furthermore, some countries, 
primarily in Europe and East Asia, burn a significant amount of wastes in dedicated facilities, usually 
producing power or heat. Most of them burn residues because of limited land availability, and the high 
costs of implementing new landfill sites, even in Japan, which has the gold standard in terms of landfill 
technologies, e.g., semi-aerobic landfill systems (Fukuoka Method) (Chong et al., 2005).  




Thus, growing income and urbanisation in developing countries may lead to an increase in waste 
production globally, given that, in general, the higher the GDP per capita, the higher the production of 
Municipal Solid Waste (MSM) (Figure 2.23). Hence, a major campaign to reuse materials and reduce 
municipal solid waste is necessary on a global scale, as well as greater use of recycling (the 3Rs 
principle).  
 
Figure 2.23: Per capita GDP in US$ vs. Municipal Solid Waste (MSW) in kg 
Source: UNEP (2011a) 
As shown by UNEP (2011a), although developed countries produce much more wastes than developing 
countries, they often lose much less food in the production chain, because of better infrastructure, 
technologies and storage. In contrast, at consumer level, developing nations waste much less food than 
developed ones. It is not only the amount of waste that matters, but also its type and composition. 
Proportionally, low-income countries produce, in total, more organic wastes, and high-income countries 
more dry wastes (e.g., paper, metal cans, plastic bottles, glass), as illustrated in Figure 2.24. This does 
not include sewage, which can be used not only for biogas, but also as an agricultural fertiliser, and even 
biochar, as reported by Matsumiya (2014). 
 
Figure 2.24. Composition of Municipal Solid Waste by national income 
Source: (UNEP, 2011a) 




2.2.6.3. Circular economy 
An innovative way to deal with wastes is through circular economy (also known as closed-loop 
economy), as shown in Figure 2.25. According to the Ellen MacArthur Foundation (2013), the circular 
economy refers to an industrial economy that is restorative by intention; aims to rely on renewable 
energy; minimises, tracks, and hopefully eliminates the use of toxic chemicals; and eradicates waste 
through careful design. The aim is to intentionally build a restorative process, based on renewable 
energies, tracking the entire flows of materials and energies, and then reduce, reuse and recycle wastes 
(and even eradicate them) by redesigning parts of or the whole process. It builds on the principle of 
cradle-to-cradle, which represents a looping scheme, instead of the classical cradle-to-grave (Braungart 
& McDonough, 2009).  
The one-way economy The more efficient economy The closed-loop economy 
 
  
Figure 2.25: Transitioning towards a closed-loop economy 
Source: ADB and IGES (2008) 
Circular economy represents a new paradigm in industry, especially for businesses that can redesign 
products and process towards the reduction of wastes in the entire cycle, as well as have reverse 
logistics, e.g., the electronics industry. Elias-Trostmann (2012) researched the open, linear models of the 
global and Brazilian electronics industries, which showed a large potential for innovation by using 
circular economy principles, from production and use to disposal and end-of-life of electronic goods. To 
eliminate waste, Spiegelman (2006) considers that it is essential to have a consistent regulatory policy, 
e.g., Extended Producer Responsibility (EPR), which extends the marketing plans of companies for 
managing their own products at the end of their useful life. Nonetheless, for some sectors of the 
economy, including the food sector, it is difficult to implement, monitor and control a circular flow of 
energy and materials, especially in a globalised trade market.  
Modak (2010) shows that to move towards a closed-loop economy, it is essential to invest in Integrated 
Solid Waste Management (ISWM) and Reduce, Reuse and Recycle it (3Rs). He proposes a number of 
policy guidelines, as follows: 




 Building partnerships with private sector, workers and communities for effective 
implementation of ISWM and 3Rs; 
 Reducing MSW, aiming for zero waste;  
 Increasing reuse and recycling of resources; 
 Effective management of waste streams; 
 Exploring risks and opportunities for climate change mitigation.  
Zero waste is also an alternative systemic approach commonly cited in international debates on waste 
management; it is aligned with the closed-loop economy and cradle-to-cradle principles. It aims at 
eliminating the need to dispose of materials in landfills and incinerators, by redesigning processes and 
moving from waste management to waste elimination (Zero Waste New Zealand Trust, 2001). It is based 
on the 5Rs of waste hierarchy: (1) Refuse, (2) Reduce, (3) Reuse, (4) Recycle, and (5) Rot. There are 
several zero-waste initiatives worldwide, such as Zero Waste Europe,15 Zero Waste Alliance,16 Zero 
Waste International Alliance,17 ZERI Foundation Brazil,18 Telus Programme (former Rede Zeri) 19, and Zero 
Waste Scotland.20  
  
                                                          
15
 See more about the Zero Waste Europe at: www.zerowasteeurope.eu  
16
 Zero Waste Alliance website: www.zerowaste.org  
17
 For more on the Zero Waste International Alliance visit: www.zwia.org  
18
 ZERI Foundation Brazil’s official website: www.zeri.org.br  
19
 See more on the Tecpar’s Telus Programme at: www.tecpar.br/telus  
20
 For more information about Zero Waste Scotland access: www.zerowastescotland.org.uk  




2.3. Bioenergy systems  
This section presents an overview of the main issues related to bioenergy, with a focus on land use 
change, in order to understand the limits of bioenergy as a complex system, by interconnecting it with 
the other variables already discussed in the previous sections (i.e., food consumption, crop/livestock 
yields, forestry, land use integration, waste management). For the purposes of this thesis, bioenergy is 
classified as follows: 
 Solid biomass, i.e., woody materials in the form of logs, charcoal, pellets, chips, bricks, as well as 
biomass residues (e.g., sawdust, straws, sugarcane bagasse, rice husks, corn stover, oil palm 
empty fruit bunches) aimed at combustion. It can be split into two main groups: traditional 
biomass,21 which is normally based on extractive systems; and modern biomass, which relies on 
reforested woods or crops; 
 Biofuels, which is a term to generally represent liquid fuels (e.g., ethanol, biodiesel, biobutanol 
and biokerosene) obtained from biological resources (e.g., sugarcane, maize, oilseed rape). They 
are largely used in the transport sector, but have also found a growing market for chemical uses 
(Guo et al., 2013; Ragauskas et al., 2006); for instance, as a substitute for naphtha in chemical 
industries for the production of polyethylene and other polymers as well. In addition, the 
production of biobutanol, which has higher energy density and lower volatility than ethanol, is a 
near viable alternative with several applications in transport, as well as the production of 
biokerosene for the aviation sector. 
 Biogas, which can be produced through fermentation (e.g., anaerobic digestion of animal slurry, 
sewage or vinasses) or gasification process.22 Therefore, biogas is a secondary energy source 
derived from solid or liquid biomass.  
Thinking about bioenergy limits in a global context is relatively recent development. In twentieth 
century, the world energy mix was dominated by the use of oil, coal and natural gas resources, and 
bioenergy was often stereotyped as a second-class energy source used mainly by poor nations. 
However, given the increasing need to find renewable alternatives for reducing dependency on fossil 
fuels, it has gained new credentials and is on the energy agenda of developed nations, too. Many 
                                                          
21
 According to IEA (2014b) ‘traditional biomass use refers to the use of wood, charcoal, agricultural resides and animal dung for 
cooking and heating in the residential sector. It tends to have very low conversion efficiency (10% to 20%) and often 
unsustainable supply’. Traditional biomass is also commonly associated with biomass obtained from native forests, which can 
be either a sustainable (e.g., extraction of woods under the forest carrying capacity) or an unsustainable practice (e.g., illegal 
logging causing forest loss), depending on the management system. 
22
 According to Rajvanshi (1986, p. 83) ‘biomass gasification means incomplete combustion of biomass resulting in production 
of combustible gases consisting of carbon monoxide (CO), hydrogen (H2) and traces of methane (CH4). This mixture is called 
producer gas.’   




governments are now taking biomass as a serious energy alternative, unlike the past. Therefore, this 
change represents the beginning of a new paradigm for bioenergy, changing from traditional biomass to 
modern biomass. Bioenergy is the main renewable energy source globally (Ren21, 2013 and 2014), as 
also illustrated in Figure 2.26.  
 
Figure 2.26: Estimated renewable energy share of global final energy consumption in 2011  
Source: REN21 (2013) 
In spite of the growing importance of modern biomass (as a significant share of modern renewables), it 
is still the traditional biomass that represents the main source of bioenergy globally, accounting for 
approximately 9.3% of the total energy consumption, and almost 50% of the total renewable energies. 
IPCC (2012) reported that traditional bioenergy represented from 37 to 43 EJ in 2008. Similarly, Woods 
et al. (2014a) suggest that traditional biomass accounted for around 40 EJ in 2010, which is equivalent 
to 65% of the total bioenergy supplied, or about 8% of the global primary energy supply in this period 
(Table 2.12). In fact, it is difficult to estimate the share of traditional biomass accurately, giving the 
confusing statistics and nomenclatures on residues and wastes, and its production may be even higher 
than these figures.   
Table 2.12: Bioenergy supply, feedstocks and associated land demand estimates for 2010 
  Global Production 
(EJ)* 
Feedstock Land Occupied 
(million ha) 
Global Primary Energy 520 Predominantly fossil Not quantified 
Total Bioenergy 61 All forms, traditional and modern c. 50 
Traditional Bioenergy 40 Mostly from residues, wastes and 
harvesting parts of live trees (pollarding) 
Not quantified 
Modern Bioenergy: 21  c. 50 
 Biofuels 4.2 Agricultural crops <13 
 Heating  
(domestic and industrial) 
13 2/3 residues and wastes, and 
1/3 energy crops (lignocellulosic) 
c. 30 
 Electricity 4.1 1/2 energy crops, and 
1/2 residues and wastes 
c. 10 
* All values in terms of primary energy.  
Source: Woods et al. (2014a), citing IEA (2010, 2011, 2012) data, with traditional bioenergy data derived from IEA (2011) and IPCC 
SRREN Report (Chum et al., 2011).  




Nonetheless, traditional biomass is certainly the main source of energy in rural areas of several 
developing countries though, which consumes biomass mainly for cooking and heating. The problem 
starts when the extraction of wood and wood parts exceeds the carrying capacity of native forests, 
leading to forest losses and impacts on local biodiversity. Then, transitioning from traditional to modern 
biomass is a necessary step for reducing deforestation and promoting sustainability in rural areas. 
2.3.1. Bioenergy assessment 
Several studies have assessed the global potential for energy biomass. Most of them start by evaluating 
the underlying capacity of the biosphere to produce biomass in sufficient quantities to meet the 
multiple and rapidly increasing demands it is exposed to, and then extrapolate in varying degrees of 
complexity the future need for biomass to supply its multiple markets. All these assessments remain 
highly uncertain and sensitive to both technological and political innovation and change. 
Bioenergy currently accounts for about 55 EJ (primary energy) of the world energy mix (IEA, 2012), 
which includes both traditional and modern biomass, representing a significant renewable energy 
source for several countries. Only recently have major global research activities begun to identify the 
scale of the transformation of the energy and land use sectors needed by 2050 to cause stable levels of 
GHGs in the atmosphere compatible with containing global warming within a 2°C rise. Many of the 
global climate mitigation and linked energy provision scenarios (e.g. IPCC, 2014b; GEA, 2012; IEA, 2009, 
IEA, 2012; IPCC, 2011; REN21, 2014) highlight the continuing need for biofuels, specifically because they 
provide energy-dense liquid fuels for heavy goods, trucks, rail, marine and aviation applications, where 
the need for biofuels may grow over time rather than be transitional. For example, Global Energy 
Assessment estimates that bioenergy for heat, power and biofuels would need to provide between 78 
and 139 EJ out of just over 1000 EJ/yr. of primary energy provision by 2100 to comply with its 2°C (450 
ppm CO2 equiv.) scenario (GEA, 2012).  
According to IEA (2012), if changes in the energy supply mix are to be effective in reducing GHG 
emissions, global baseline emission projections of 62 Gt CO2/yr. in 2050 must be reduced to rates of 
around 14 GtCO2/yr. Current global emissions from the entire food supply chain are approximately 10 
GtCO2eq/yr. (FAO, 2011a) (around 22% of total GHG emissions). Yet the global food supply may need to 
be nearly double by 2050 in order to meet the demand of a growing world population. This would 
require substantial increases in energy inputs above the current 93 EJ/yr. (FAO, 2011a). The 
food/bioenergy nexus is therefore likely to be of increasing importance.  




Akhurst et al. (2011b), published a meta-study of over 30 of these global assessments and concluded 
that despite the wide variation in projected potentials reported, a technical potential of up to 350 EJ of 
primary biomass energy might be available per year by 2050 (Figure 2.27). This meta-study also 
highlighted the diverse range of biomass resources and their wide geographic distribution, placing them 
in three broad categories: 
i) crops that can be grown on abandoned agricultural land (substantial areas of which are emerging 
in the industrialised economies in particular); 
ii) surplus forest products (difference between projected forest productivity and industrial demand 
for forest products); and  
iii) wastes and residues (arising from farming, forestry and municipal activities). 
Abandoned Land Potential Surplus forest products Residues and wastes (EJ) 
 
Figure 2.27: Biomass potentials according to several estimates 
Source: Akhurst et al. (2011b) 
In addition, Akhurst et al. (2011b) also estimate that, out of this 350 EJ potential, about 100 to 150 EJ 
would be economically viable. IPCC (Chum et al., 2011) presented similar estimates for bioenergy by 
2050. At the upper end, this scale of demand is equivalent to consuming over 10 billion tonnes of oven 
dry biomass or about 9% of the total net photosynthetic capacity of the biosphere, representing over 
one-third of current primary energy consumption. In comparison, global cereal production reached 2.5 
billion tonnes in 2008 or about 5 billion tonnes if residues such as straw are included. Hence, bioenergy 
will represent a major new off-take for global photosynthesis although it is notable that traditional 
biomass use currently consumes nearly 0.9 billion tonnes and modern bioenergy another 0.6 billion 
tonnes. WEC (2014, p. 7.12) suggested that in the most optimistic scenarios, bioenergy could range 
between 250 and 500 EJ/yr., in terms of primary energy. More recently, Slade et al. (2014) presented a 
new review of several bioenergy estimates, based on 90 studies, as shown in Figure 2.28. Creutzig et al. 
(2014) also presented similar discussions in this regard, showing broad ranges of bioenergy potentials, 
according to different assessments, as well as raising concerns with potential land use change impacts.  





Figure 2.28: Estimates for the contribution of energy crops, wastes and forest biomass to future energy supply 
Source: Slade et al. (2014). Notes by its authors: ‘Vertical lines show the range of estimates for each resource category and diamonds indicate 
the results of individual studies (estimates include unconstrained values). Surplus agricultural land includes good quality land released from 
food production because yield growth exceeds demand (also called abandoned land in some studies). Rest land includes savannah, extensive 
grassland and shrubland. Degraded land may also be defined as low productivity or marginal land. Land categories cannot be considered fully 
mutually exclusive. Waste includes dung, municipal and industrial waste. Forestry describes harvest of a fraction of the global annual forest 
growth increment, and is a highly aggregate category defined by the FAO as areas spanning more than 0.5 ha with trees taller than 5 m. Some 
studies make further distinctions between primary forests and plantations’. 
In addition, IPCC (2014b) compiled a range of several global estimates on bioenergy potentials, as shown 
in Figure 2.29 and Table 2.13. The chart shows a considerable variation in the forecasts available in the 
literature to date, particularly due to the different principles and criteria adopted in the several models. 
The results were then cross-referenced to assess the level of agreement in the literature. It is difficult to 
reach international consensus on a single bioenergy potential, given the many complex variables 
involved. Ladanai and Vinterback (2009), for example, suggested an extreme theoretical potential of 
1,340 EJ of bioenergy in 2050, which would even exceed the projected global energy demand in the 
same year. Similarly, Smeets et al. (2007) considered a technical potential of bioenergy on surplus 
agricultural land ranging from 215 to 1,272 EJ/yr. Therefore, a dynamic model as the global calculator 
could add value to this debate, by presenting different estimates according to its user’s choices for a 












Table 2.13: Low and high technical bioenergy 
potential worldwide for 2050, in EJ  
Resource category Low High 
Dedicated crops 25 675 
Forest and agricultural 
residues 
40 125 
Optimal forest harvesting 25 75 
Industrial organic residues 10 15 
Reduced demand for 
traditional biomass 
10 20 
Total 110 910 
Source: IPCC (2014b) 
Figure 2.29: Global technical bioenergy potential by main 
resource category for 2050, in EJ 
Source: IPCC (2014b) 
 
A novel approach was proposed by Shah et al. (2013), who presented energy estimates by 2050, based 
on a whole-systems modelling approach (Figure 2.30). Taking economic variables into account, they 
estimated that biomass (including wastes) would increase between 61 EJ in a Low Mitigation Scenario 
(LMS) and 115 EJ in a Low Carbon Scenario (LCS), in terms of primary conversion of biomass. The land 
required by these forecasts would be approximately 6.4% (LMS) and 8.8% (LCS) out of the total world 
agricultural area (approximately 5 Gha).   
 
Figure 2.30: World estimates for final energy demand under Low Mitigation Scenario (LMS) and Low Carbon Scenario (LCS) 
Source: Shah et al. (2013) 
 




Nevertheless, these estimates are highly uncertain and rely on fixed assumptions that may not come to 
pass. Woods et al. (2011) state three main reasons for that. First, it is quite difficult to come up with 
reasonably acceptable estimates, given the large range of and widely different approaches. Second, how 
should we estimate the proportion of the feedstock that would attend different competing end-uses 
with poor statistical database? Third, it is even more difficult to estimate the sustainable potential 
against combined economic, social and environmental parameters. The availability of arable land is one 
of the most sensitive factors influencing projections of growth in supplies of feedstocks for bioenergy, 
and, therefore, the global challenge is to produce bioenergy in a way that does not adversely affect food 
production. 
In fact, the current use of land resources for energy crops uses a remarkably small proportion of global 
agricultural land. Ladanai and Vinterbäckis (2009) estimated the demand to be 0.2% of the world’s total 
land area or 0.5 to 1.7% of global agricultural land. Several estimates are available for the land area 
required to meet different targets for different years (IEA, 2012; Chum et al., 2011; Shah et al., 2013; 
IPCC, 2014b; Woods et al., 2014a). Estimates of future demand for land for biofuel production remain 
highly uncertain (RFA, 2008; Langeveld et al., 2013). These estimates are complex and dynamic, 
depending on the land required for food production and other commercial demands. Moreover, current 
knowledge and models on land use are insufficient for accurately quantifying the projected impacts of 
increased demand of land for food, feed and fuel or the interaction between different cropping systems.  
Assessing the net land area required for biofuel production involves a number of variables, including but 
not limited to targets assumed for petroleum fuel substitution, biofuel crops (feedstocks) selected, soil 
fertility, water availability, production practices, projected feedstock yields, market and policy incentives 
and conversion technologies, markets for co-products, and evolution of alternative land uses. The 
projected land required for producing biofuels should be compared with that for meeting food, livestock 
feed, and fibre requirements, as well as the need to maintain ecosystem services and functions.  
As shown in Figure 2.31, IEA (2011c) estimates that the land required to meet increased projected 
biofuel demand, from less than 3 EJ in 2010 to just over 30 EJ by 2050, would be about 100 Mha. This 
land demand grows in line with an increase in biofuel production. The introduction of advanced biofuels 
from ligno-cellulosic feedstocks (agricultural and forestry residues and dedicated energy crops) or 
municipal solid wastes (MSW) is assumed to reduce the land required to produce a same amount of 
biofuel over time (IEA, 2011c). Several countries (e.g., USA, Brazil, Argentina and some European 
countries) substantially use no-till technologies, and part of the remaining biomass left on soil could be 
used to produce liquid fuels for instance.  





Figure 2.31: Land use for biofuel production per technological type by 2050 
Source: IEA (2011c) 
According to Murphy et al. (2011), the land required to meet 20 to 30% of IEA’s calculated total 
transport fuel demand for biofuels in 2050 could range from 100 Mha to 650 Mha globally, representing 
about 7% to 45% of current global arable land. Langeveld et al. (2013), assessed the impacts of biofuel 
programmes on the major biofuel-producing countries and found that in 2010 the total direct land 
demand was 25 Mha but when co-products (primarily animal feeds) were included the net land demand 
dropped to 13.5 Mha. Furthermore, when assessing actual land use change impacts with empirical FAO 
land use data, they found that the agricultural area in these countries had actually declined by 9 Mha. In 
practice, by 2030 the land required for biofuel crops is likely to be less than 5% of the global arable area 
(Woods et al., 2014a). Thus, because of the complexity and uncertainties associated with land use 
models, it is not realistic to make just one estimate of the land area required for biofuel production. 
Only a range of estimates is appropriate, with much of the impact depending on the effectiveness of 
national policies to incentivise highly productive crop choices coupled with efficient supply chains for 
agriculture as a whole.  
Some of the ligno-cellulosic feedstocks such as crop and forest residues, wood-processing wastes and 
the organic fraction of Municipal Solid Waste (MSW) can be obtained with minimal impact on land 
requirement, because they are co-products, by-products, residues or wastes of actual production 
chains. Also, some biofuel crops, such as grasses and tree crops, could be grown on poorer or more 
vulnerable soils, though low productivity and higher per unit feedstock costs are likely to result. The 
main advantage of advanced biofuel crops over first-generation crops is the potential use of a wide 
variety of feedstocks, residues and wastes and even whole plants, with potentially higher yields per 
hectare. In many regions, residues and waste products are in limited supply to meet their domestic 
energy demand, and therefore this may require dedicated cultivation of vegetative grasses or short-
rotation woody crops, potentially on degraded or marginal lands (Sims et al., 2008). The area required 




will depend on the proportion of feedstock sourced in the form of residues and the yields of dedicated 
next-generation energy crops. Thus, overall, biofuel production may not materially impact on the area 
under food production. There are also significant opportunities for increasing crop productivity in 
currently cropped areas, thereby potentially mitigating any net land demand increase for biofuels. On 
the other hand, land availability is not the only factor related to the bioenergy expansion, and other 
variables need to be taken into account such as farmers’ skills, know-how, financing, tax system, market 
opportunities, modernisation of the entire agricultural sector, infrastructure, inter alia.  
2.3.1.1. Land availability 
To estimate bioenergy potentials, it is first necessary to assess the land availability; otherwise, any 
prediction in this direction would be merely speculative. FAO (2012) and Bruinsma (2011) estimated that 
about 30% of the world’s land surface (4.5 billion ha) is suitable to some extent for rain-fed agriculture, 
and of this area some 1.6 billion ha are already under cultivation. Developing countries have some 2.8 
Gha of land of varying quality, with potential for rain-fed crops at yields above an “acceptable” 
minimum level, of which nearly 0.97 Gha are already under cultivation. The gross land balance available 
of 2.9 Gha (4.5 to 1.6 Gha) 1.8 Gha of which is in developing countries, would therefore seem to provide 
significant scope for further expansion of agriculture, including land for bioenergy feedstock provision.  
Using FAO data, Slade et al. (2011) summarised the current world land use as shown in Figure 2.32. In 
order to meet the projected increase in food demand globally, FAO (2012) projected a net increase in 
land demand for food production by 2050 of 70 Mha, resulting from an expansion of 130 Mha in 
developing countries and a decline of 60 Mha in developed countries. Therefore, at the global level, land 
constraints or competition may not represent a major risk to energy security or the provision of biomass 
for bioenergy (FAO, 2012; Wise et al., 2014). 
 





Figure 2.32: Global land use per continent 
Source: Slade et al. (2011) 
In contrast, at the local level, increased demand for land for biofuels, as for other agricultural products, 
can stimulate land use change effects on local communities that range from positive to negative. For 
example, biofuels can improve productivity and resilience, provide access to clean water, and increase 
income (Satolo & Bacchi, 2013). However, the potential loss of access to the land needed for subsistence 
may also restrict access to water, affect local food prices, and have detrimental impacts on biodiversity 
and ecosystem resilience (BEFS, 2010). Changed management practices, novel crops or over-extraction 
of biomass from land can also result in increased pressures on land and soils and lead to the expansion 
of degraded lands. Understanding and mitigating these potential local-level constraints and impacts 
from the perspective of national and regional policy-makers requires spatially and temporally explicit 
tools that can map local resources and enable a quantitative and dynamic classification of land for 
different uses, including the protection of biodiversity-rich or vulnerable land. Therefore, integrated 








2.3.1.2. Land use impacts 
The growing demand for crop-derived bioenergy (from solid biomass to bioethanol and biodiesel) can 
induce direct and indirect land use changes (LUC) as well as the consequential greenhouse gas (GHG) 
arising from such changes through various processes such as deforestation, replanting and land 
ploughing and the resulting loss/gain of carbon stocks and soil organic matter. LUC are of two types, as 
following described (Strapasson et al., 2014): 
 Direct Land Use Change (dLUC), which occurs when crops for biofuel production are planted on 
land that has not previously been used for that purpose; for example, the conversion of forest 
into an energy crop plantation for biofuel production. The effects of dLUC can be directly 
observed and measured as the effects are localised to a specific plantation; 
 Indirect Land Use Change (iLUC), which is considered to occur when, as a result of the switching 
of agricultural land to biofuel crops, a compensating land use change occurs elsewhere to 
maintain the previous level of agricultural production. These effects are typically the unintended 
consequence of land use decisions elsewhere and, given that the effects are not limited by 
geographical boundaries (e.g., the complex dynamics of food commodities worldwide), often are 
not directly observable or measurable. 
Strapasson et al. (2014) also report that many models have been developed to assess LUC and LUC 
factors, but that they report a wide range of such factors, and significant uncertainties about the results 
exist. The authors suggest that iLUC models can be grouped into economic and non-economic models, 
as follows: 
 Economic models capture market and economic drivers of LUC but fail to include other LUC 
drivers that may not respond to land and commodity prices and elasticity; they are also 
complex, lack transparency and accessibility, and are difficult for non-experts to use; 
 Non-economic models lack dynamic and interlinked LUC drivers because of reliance on 
historical data and expert opinions; but they are simple, transparent and relatively easy for 
stakeholders to engage with.  
Further, economic models can be further divided into partial equilibrium (PE) and general equilibrium 
(GE) models, as shown in Table 2.14 (Warner et al., 2013). PE models only include a selected set of 
traded commodity goods whereas GE models account for interactions between all productive sectors in 
the whole economy including factor markets (in which the materials or factors that are essential to the 




production process are bought and sold) for labour, capital and land (van Tongeren et al., 2001;  
Strapasson et al., 2014). 
Table 2.14: Summary of characteristics, strengths and limitations of existing LUC models 
 
 
Economic models Non-economic models 
 PE and GE Causal-descriptive Deterministic method System dynamics 
Examples AGLINK-Cosimo (dynamic PE) 
FAPRI-CARD (dynamic PE) 
GTAP (static GE) 
MIRAGE (dynamic GE) 
GCAM (integrated PE) 
Bauen et al. (2010) 
Nassar et al. (2010) - a 
Brazil-specific model 
Schmidt et al. (2012) - an 
LCA method 
Tipper et al. (2009) BioLUC 
Description Calculate LUC based on marginal 
changes resulting from shocking a 
market system at equilibrium with a 
given biofuel expansion 
Use cause-and-effect 
relationships to assess 
market response resulting 
from biofuel expansion 
Allocate LUC GHG 
emissions to biofuels 




relevant to the 
bioenergy sector. 
Use a dynamic stock-and-
flow system to assess 
market response 
resulting from biofuel 
expansion 
Data  Historical data used for calibration 
but may incorporate empirically 
estimated functions; model 
parameters are often from 
literature. 
Use historical trends as 
inputs and for calibrating 
cause-and-effect 
relationships 
Based on historical land 
use data 
Use historical trends as 
inputs and for calibrating 
cause-and-effect 
relationships 
Strengths Capture market and economic 
drivers to LUC; In their dynamic 
forms can account for evolution and 
changes over time  
Can incorporate LUC 
drivers other than 
economic factors; can be 
transparent and easily 
used by stakeholders 
Easy to calculate and 
transparent 
Can incorporate LUC 
drivers other than 
economic factors; 
provides insights into the 
drivers and interactions 
of LUC; can be 
transparent and easily 
used by stakeholders 
Limitations Currently fail to include other LUC 
drivers that may not respond to land 
and commodity prices and elasticity, 
for example, policy and regulations. 
Difficult to access and use by non-
experts in economic modelling. 
Lack dynamic and 
interlinked LUC drivers 
because of heavy reliance 
on historical data. Data 
and relationships are at a 
relatively aggregated low-
resolution level. Price is 
not explicitly modelled 
Lack market feedback 
and policy measures. 
Do not consider land 
types not used for 
producing traded 
agricultural 
commodities. Data and 
relationships are at 
very aggregated low-
resolution level. Price is 
not explicitly modelled. 
Miss the dynamic and 
interlinked LUC drivers 
because of reliance on 
historical data. Data and 
relationships are at a 
relatively aggregated 
low-resolution level. 
Price is not explicitly 
modelled. Lack of inter-
regional dynamics  
References Davies (2012), Tyner et al. (2010), 
EPA (2010), Laborde et al. (2011), 
PNNL (2012)  
Bauen et al. (2010), Nassar 
et al. (2010), Schmidt et al. 
(2012)  
Tipper et al. (2009)   Warner et al. (2013)  
Source: Warner et al. (2013), references in table cited by its authors.   
In addition to land use change impacts, land degradation is another key issue in understanding 
bioenergy limits. It is also a key issue for planning new bioenergy programmes, particularly in arid and 
semi-arid regions. Degraded or marginal lands require vegetation cover. In turn, this requires soil, water 
and carbon / organic matter conservation practices to halt further land degradation and to aid 
restoration (Victoria et al., 2012). In response to the food vs. fuel debate, marginal lands are targeted 
for biofuel production, particularly in some semi-arid regions of South Asia, Sub-Saharan Africa and Latin 




America, and therefore their impacts need to be properly assessed in advance in order to avoid 
potential negative impacts, such as deforestation, soil erosion, and the establishment of invasive 
species.  
Therefore, as trade in bioenergy derived from feedstocks produced on rural drylands expands, 
intensification of biofuel production (i.e., increased mechanisation, irrigation and use of chemicals, 
decreased fallow periods) could lead to further degradation and even accelerate degradation on 
marginal lands. On the other hand, increased investment into agriculture in previously marginalised 
regions could increase overall agricultural productivity and enhance food security (Lynd & Woods, 
2011). Small bioenergy farms, including biofuels, may be combined into larger units to meet the growing 
demands of global competitive markets and marginalise small-holder and subsistence farmers, forcing 
them to use marginal lands. However, the use of cooperatives and small farmers’ associations could 
increase their competitiveness and profits in such new markets.  
Besides, when residues that would normally be left in the field after harvest, such as cereal straw or 
forest thinning, are removed and used for producing heat, power or biofuels, the over-exploitation of 
these residues could reduce soil organic carbon content by up to 15% compared with removing straw in 
the long run (Rajagopal et. al., 2007). Biofuel production using feedstocks arising from the removal of 
significant fractions of the above-ground biomass on a continuous basis may also lead to depletion of 
soil nutrients, especially for second-generation biofuel crops (Karel et al., 2005), exacerbating land 
degradation processes. This negative outcome can be avoided by farming practices whereby farmers 
leave ca. 30-40% of straw in the field, as seen in countries such as the UK and France. Some crops 
produce a substantial amount of residues that remain within the farm after harvesting, and these 
volumes have increased after the banning of field common burning practice for cereal straw in Europe 
prior to the 1990s.  
In Brazil, the practice of burning sugarcane to facilitate manual harvest is now being phased out by the 
use of mechanical harvesters. Thus, large amounts of sugarcane leftovers (e.g., tops and leaves) remain 
on soil. According to Hassuani et al. (2005) and CGEE (2009) it is possible to remove up to 50% of these 
in-field residues left on the ground after harvest without substantially affecting the natural herbicide 
effect of the biomass cover. Experiments carried out by the former authors showed that the remaining 
trash after sugarcane harvest ranges from 6.7 to 14.9 t/ha (dry matter) and that quantities from 7.5 to 
9.0 t/ha (dry matter) would be sufficient to suppress the majority of weeds (control level > 90%), when 
evenly distributed. Almost one-third of the sugarcane energy content remains on soil as leftovers, 
another one-third is in the sugarcane bagasse, and the remaining one-third in sugarcane juice, 
particularly as sucrose, which is fermented as ethanol or crystallised as sugar. Hence, part of such 




leftovers could be used for cogeneration and, potentially, for producing lignocellulosic ethanol, as well 
(Strapasson, 2008). 
Moreover, energy forests can also help to recover and protect susceptible land areas from erosion, 
including marginal areas and high slope topographies, where it is usually unfeasible to use 
mechanisation for producing annual crops. Energy forests could change the paradigm of discussing 
potential land availability for bioenergy and therefore its limits. The following section presents an 
overview on solid biomass, followed by a review of biofuel crops.  
2.3.2. Transitioning from traditional to modern biomass 
Woody biomass can be produced from several plant species (e.g., eucalyptus, pine, willow and poplar) 
and residues, normally used for cooking, heating or power generation, and potentially also for transport 
through conversion in liquid fuels via, for example, the lignocellulosic process. Pellets are often the 
preferred options for trading solid biomass in large distances, presenting several advantages as an 
energy source. They are easy to transport and store; offer high density and heating power; and have 
multiple applications, including the displacement of coal for power generation.  
Pellets are generally produced as a by-product of sawmilling or other wood transformation activities and 
agro-forestry residues. Recently, several energy companies have been looking for solid biomass, usually 
pellets, for co-firing with coal to reduce carbon emissions, especially in countries with mandatory carbon 
targets and strong regulation (e.g., feed-in tariffs, and Renewable Heat Incentives (RHI)). The United 
Kingdom, for example, has been promoting the use of biomass for power generation and discouraging 
the use of coal (Woods et al., 2011).  
According to REN21 (2014), the pellet market has almost linearly increased from approximately 4 Mt in 
2004 to 24 Mt in 2013 (see also the FAO estimates for 2013 in Figure 2.33), although it represents a 
relatively small proportion of the total bioenergy production as yet. Likewise, Junginger et al. (2010) 
reported that wood production, consumption and trade have substantially grown worldwide, primarily 
in Europe and North America. The first intercontinental wood pellet trade was reported in 1998, a 
shipment from British Columbia (Canada) to Sweden. Since then, Canada has been a major exporter to 
Europe (especially Sweden, the Netherlands and Belgium) and more recently to the USA and Japan. The 
USA also started to export wood pellets to Europe, which in 2009 imported approximately 70% out of 
the total international supply. The European Union has several standardisation norms with technical 
specifications for solid biomass such as EN 14961-1 and EN 14588 (Junginger et al., 2011; Alakangas, 
2011). 





Figure 2.33: World production of wood pellets in 2013, in thousand tonnes 
Source: Prepared by the author, based on UN FAO data (FAO, 2014) 
The growing international trade in biomass has been transforming a product usually traded by long-term 
contracts to stock market deals, i.e., commoditisation of biomass. On top of that, there is also a growing 
need for certification in order to ensure the sustainability of the biomass resource. There are currently 
many forest certification schemes available worldwide and the notable ones are: the Forest Stewardship 
Council (FSC)23 and the Programme for the Endorsement of Forest Certification (PEFC) of the Canadian 
Standards Association (CSA).24 Another example is the Brazilian Programme for Forest Certification25 
(Cerflor, 2011), which primarily aims at reducing illegal logging. 
Thus, establishing resilient, sustainable and cost-effective supply chains is the key foundation of an 
increased international trade in biomass for energy. Despite the high biomass potential of many 
countries, especially in the tropics and sub-tropics, logistics and infrastructure for biomass transport 
remain a significant limitation, particularly in developing countries. These factors could significantly 
increase costs with potential new suppliers remaining unviable even when the country has significant 
biomass availability; for example, because of poor road conditions, lack of suitable ports and storage 
facilities or potential conflict over the resource. Even the availability of ship freight may be an issue for 
the biomass trade (Sikkema et al., 2010). Political instability can constrain foreign investments as well.  
In addition, the fundamental element of the biomass supply is the farming system, which has to be 
economically stimulated to produce woody biomass, i.e., permanent crops that require long-term 
commitment. The risks of supply interruptions usually increase when large numbers of small-holder 
farmers are involved, who are more vulnerable to economic crises and climatic impacts than large-scale 
                                                          
23
 See more about the Forest Stewardship Concil at: https://ic.fsc.org/. Several case-studies on forest certification can be 
accessed at: http://www.fsc-uk.org/case-studies.71.htm     
24
 For further information on the PEFC/CSA Programme, access: http://www.pefc.org/  
25
 Cerflor started in 1996, and is coordinated by the Brazilian National Institute of Metrology, Standardisation and Industry 
Quality (Inmetro). In addition to wood exports, Brazil also has substantial domestic consumption of forest biomass, mainly in 
the pulp and paper industry, and in the production of pig iron and steel (Oliveira, 2011). 
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industrial producers. These risks could be reduced by promoting farming cooperatives and other farmer 
organisation models but comprehensive, careful and transparent stakeholder involvement is required. 
Hence, support from international funding institutions, e.g., the International Monetary Fund (IMF), 
World Bank (WB), Food and Agricultural Organisation (FAO), regional development banks (e.g., African 
Development Bank (AfDB)), bilateral donor agencies (e.g., DFID, SIDA, BNDES, US AID), private sector 
groups, and both domestic and international public policies may be necessary to encourage exporting 
countries, especially many of the African nations. See, for example, the several case studies assessed by 
Chamshama and Nwonwu (2004) on commercial forest plantations in Sub-Saharan Africa.  
Many plant species can be used as solid biomass for energy purposes, especially those with high 
productivity such as eucalyptus, pine trees, acacia, teak, miscanthus, willow, poplar, and sugarcane 
bagasse. Countries located in the tropical region, with favourable soil and climate conditions for forest 
plantation, normally have a significant natural advantage in terms of biomass production when 
associated with technological development and market efficiency. See, for example, Figure 2.34, which 
shows a comparative assessment of annual forest yields in some selected countries. ABRAF (2011) 
reports that some experiments of eucalyptus clones in Brazil, in dense plantation systems, obtained 190 
m3/ha.year in two years in a four-year rotation.  
 
Figure 2.34: Forest annual yields of selected countries 
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2.3.2.1. Biomass and Greenhouse Gas Removals (GGR)  
Biomass can reduce emissions when it is used conventionally to displace fossil fuels; for example, use of 
biomass instead of coal in power plants, which represents a low carbon process. However, it is also 
possible to use bioenergy in order to obtain a ‘negative emission’ (i.e., a net CO2 removal from the 
atmosphere), by using Bioenergy with Carbon Capture and Storage (BECCS) or producing biochar. These 
Greenhouse Gas Removal (GGR) Technologies are also known as Negative Emission Technologies (NETs) 
or Carbon Dioxide Removals (CDR). They are part of a broader concept called geoengineering26 which is 
the use of large-scale engineering for the purpose of interfering in Earth systems dynamics (Royal 
Society, 2009). It represents an extreme way to (theoretically) resolve or ameliorate potential severe 
climate change impacts if the conventional mitigation efforts are not sufficient to tackle it (Battersby, 
2012). In this context, bio-based technologies can also be used for climate engineering as a kind of bio-
geoengineering.  
There are two main categories of geoengineering: GGR, which can be seen as an “extreme mitigation” 
measure; and Solar Radiation Management (SRM), an “extreme adaptation” measure (Rayner, 2013). 
There is a substantial difference between these categories and a large number of potential technologies 
under research. Basically, GGR can effectively reduce the CO2 concentration in the atmosphere and 
obtain a climate condition relatively similar to the pre-industrial period than SRM, which in contrast 
does not directly remove CO2, but reduces the temperature through artificial methods instead. Thus, 
SRM technologies (e.g., changes in the land surface albedo, desert reflectors, ocean albedo, cloud-
albedo enhancement, stratospheric aerosols, and space-based technologies for reducing solar radiation) 
would not resolve other environmental problems that are related to growing CO2, for example ocean 
acidification and its consequential impacts on marine and estuarine species (Royal Society, 2009). These 
include potential effects on corals and molluscs, jeopardising the equilibrium of entire marine food 
webs, although many uncertainties on their level of impact still prevail (Rodolfo-Metalpa et al., 2011; 
Gazeau et al., 2013; Parker et al., 2013). SRM can also obtain faster effects than GGR, but the 
uncertainties, risks and transboundary impacts of the former are in general much greater than those of 
the latter.  
In fact, most of the geoengineering technologies are highly uncertain and their potential misuse could 
cause unpredictable and catastrophic effects in the Earth’s system. Companies and governments may 
make serious and irreversible environmental impacts if motivated by irresponsible initiatives focused 
only on profits or military interests rather than global sustainability. Therefore, as a precautionary 
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 This thesis does not intend to make any defence of geoengineering or to promote its use. Instead, the aim here is just to 
present a brief overview about this controversial topic for the purpose of supporting the subsequent methodology and 
discussions. 




measure, a new political agenda needs to be devised to address this issue seriously, in a transparent 
manner, and, whenever necessary, taking new precautionary measures to avoid extreme unilateral 
actions and large-scale experiments without public consensus. Further investments in research and 
technology innovation would be required to increase the current level of knowledge in this area as well.  
 Overview of GGR  
GGR represents a highly speculative mitigation measure and a rather speculative one. It can be grouped 
into three main sets of technologies, as reported by Chalmers and Gibbins (2010), McGlashan et al. 
(2010) and Strapasson and Dean (2011).  
 Technologies that output a stream of essentially pure CO2 at pressures suitable for geological 
storage (e.g., direct air capture (DAC)). Enhanced oil recovery (EOR) can also generate negative 
emissions, depending on its energy penalty and source, and the amount of CO2 injected in the 
underground; otherwise, it is just a low carbon process.  
 Technologies that sequester CO2 at low partial pressure by fixing the CO2 in a stable mineral form 
(e.g., accelerated mineral weathering, ocean fertilisation, biochar).  
 Technologies that use biomass in a conventional Carbon Capture and Storage (CCS) power plant of 
some kind, e.g., Bioenergy with Carbon Capture and Storage (BECCS).  
Some of these technologies may have significant land use effects (e.g., biochar, direct air capture, 
BECCS, accelerated mineral weathering, large scale afforestation/reforestation), whereas others may 
not (e.g., ocean alkalinity, ocean fertilisation and construction materials, depending on the technology), 
although also presenting major environmental impacts. Some examples of GGR technologies are listed 
in Table 2.15 (Strapasson and Dean, 2011). Further comparative analysis can be found in McGlashan et 
















Large-scale afforestation/reforestation could capture substantial amounts of CO2 through plant photosynthesis, but the 
maintenance of the recovered forest to keep the carbon stored for long periods is one of the main uncertainties of this option. 
Another is the competition for land in the future regarding other human needs (e.g., food production). Large expansions of land 
would be required for this purpose, and direct and indirect land-use change would also occur as a consequence. See more 
information in IPCC (2000), Winjum et al. (1993), and Sathaye et al. (2005).  
Biochar 
 
Biochar is a type of charcoal produced for the purposes of increasing carbon storage in soil. It is obtained from heating biomass 
in an oxygen-depleted environment, e.g., pyrolysis. Its chemical structure is resistant to biodegradation, and, therefore, it can 
be used as a storage medium for carbon for long periods. If viable, biochar is likely to be deployed as bioenergy co-product in 
pyrolysis plants. A range of biomasses could be used to produce biochar, such as agricultural residues and woods. Biochar’s 
durability and its impacts on soil biodiversity and agriculture still require further research. Find more in Shackley and Sohi 
(2011), Wolf et al. (2010), and Biocharm (2009). 
Bioenergy with 
Carbon Capture and 
Storage (BECCS)  
 
BECCS are possibly one of the most prominent GGR technologies, given their affordability and ability to manage the 
environmental impacts easier than other geoengineering technologies. Land availability and land use change are possibly the 
main limitations of this technology. The main BECCS technologies under research to date are biomass fermentation and power 
generation combined with CCS systems. See more in Fabbri et al. (2011), Laude and Ricci (2011), Hendriks et al., 2011, IEA 
(2005), Shah et al. (2014), Carbo et al. (2010), Gough and Upham (2010), Baxter and Koppejan (2004). 
Direct Air Capture 
(DAC) 
 
DAC systems are designed to take CO2 from the low partial pressure present in air and produce a highly concentrated CO2 
stream suitable for storage or industrial applications. The infrastructure requirement relevant to all direct air capture systems is 
transport and storage or an industrial usage network required for the high-purity CO2 stream produced. The abatement 
potential of air capture is in the long-term theoretically unlimited, given that the capacity of the various CO2 storage options is 
greater than the atmospheric stock of CO2. However, the technology is limited by economic considerations, public support and 
the production capacity of the units to be manufactured. DAC technologies can be classified in three main groups: Wet Air 
Capture (e.g., wet-scrubber, packed tower); Dry Air Capture (e.g., supported amine absorbents and adsorbents); and organic 
materials fixing CO2 as part of integrated industrial processes.  
More information on Wet Air Capture in: Lackner et al. (1999), Elliot et al. (2001), Dubey et al. (2002), Herzog (2003), Keith and 
Ha-Duong (2003), Nikulshina et al. (2006, 2007); Zeman (2007, 2008),  Wright et al. (2011), Stolaroff et al. (2008),  Copinger & 
Moses (2003), and Sherman (2009). See more on dry air capture in: Lackner et al. (1999, 2010), Eisenberger et al. (2009), Choi et 
al. (2011), Meier et al. (2004), Nikulshina and Steinfeld (2009), and Nikulshina et al. (2009) 
Enhanced Weathering 
- Terrestrial  
 
Atmospheric CO2 concentrations are controlled naturally over long timescales by the weathering of magnesium-silicate and 
calcium-silicate rocks, a process requiring both water and CO2. This process could, in theory, be accelerated for the purposes of 
reducing CO2 through the grinding and spreading of these silicates across forest and agricultural land, river catchment areas or 
over the ocean. More experimental studies on the carbonation of these materials relevant to air capture (as opposed to flue gas 
capture) would be required, i.e., under ambient conditions. The main technologies for accelerated mineral weathering are 
based on olivine (forsterite), serpentine, pyroxenoid (wollastonite), or industrial wastes. See more in:  Olivine - Schuiling and 
Krijgsman (2006), Köhler et al. (2010) and IPCC (2005); Serpentine – Alexander et al. (2007); Pyroxenoid - Wu et al. (2001); and 
Industrial Waste - Renforth et al. (2011).  
Enhanced Weathering 
- Oceanic  
 
The principle underlying this technology is addition of an alkali into the ocean in order to increase CO2 absorption from the 
atmosphere to the ocean water. The main technology systems for ocean alkalinity are ocean liming through calcination, and 
ocean liming using electrochemical splitting of CaCO3. Lime (CaO) produced from limestone (CaCO3) calcination is added to the 
ocean producing Ca(OH)2, which can theoretically absorb 2 moles CO2 for every mole CO2 released through calcination to form 
calcium bicarbonate (Ca(HCO3)2). The energy penalty is based on the energy required to calcine limestone, the most significant 
energy component. There is also the potential to use spent material from the calcium looping cycle, a promising alternative to 
amine scrubbing, which purges CaO used to capture CO2 from an industrial flue gas to maintain useful levels of reactivity. This 
would provide a means to dispose of the waste CaO whilst drastically reducing the energy penalty of the ocean alkalinity 
process. Energy penalty for mining and transporting is one of the main restrictions of this technology. In addition, the 
environmental impacts of large-scale ocean liming on biodiversity are still unknown. More information in Kheshgi (1995), and 
Rau (2008). 
Ocean Fertilisation  
 
Carbon concentration can be reduced by increasing phytoplankton biomass through the addition of nutrients (e.g. iron, 
nitrogen, phosphorus). This can be achieved by spreading material from ships or through induced-upwelling using ocean pipes. 
A proportion of the dead phytoplankton then sinks to the ocean floor taking with it CO2. The amount of CO2 in the ocean is 
(theoretically) then re-equilibrated by a natural increase in the ocean CO2 absorption rate from the air to the water. Some 
experts suggest that iron fertilisation is favoured because of the lower quantities required relative to the anticipated increase in 
activity. However, these effects were only monitored for short periods, and possible unexpected interactions with other biota 
(e.g., zooplanktons) could cause several impacts on the ocean biodiversity, affecting also the overall carbon balance. See more 




A range of construction products which have the potential to be CO2 negative have reached or are in the process of reaching the 
commercial stage. For example, some companies are using building material (e.g., insulation and walling) consisting of hemp 
mixed with Ca(OH)2-based binders. Another technology is magnesium-silicate cement, which has a higher thermal efficiency 
than ordinary Portland cement, and absorbs CO2 as part of the curing process.  The upper and lower bound for abatement 
potential for such cement is based on variation in its CO2 footprint (depending upon the type of fuel used, 0-100kgCO2/t 
cement) and scaled up for the global cement market. It would also be technically possible to change the albedo of buildings, 
e.g., painting roofs with white colours in large scale, as an SRM approach, although the effect of such change would be minor in 
terms of reducing the global temperature. Find more information in: Lawrence (2011), and Royal Society (2009). 
Source: Prepared by the author, based on Strapasson and Dean (2011)  




Among the many GGR technologies, afforestation/reforestation is the only one that does not require 
any new technological development, but its implementation may have significant trade-offs with food 
security, depending on the scale desired. In addition to afforestation/forestation, bioenergy for BECCS 
and biochar is also a relatively well-known activity, but the challenge here is the feasibility of CCS 
technologies and the biochar uncertainties. CCS plants have already been demonstrated in several 
countries, but further investments in RD&I are still necessary to improve their current energy and 
carbon removal efficiencies, as well as to reduce their capital and operational costs. In contrast, 
integrated agricultural schemes with biochar are usually associated with better crop yields, but its long-
term effect still needs to be better known.  
With regard to land use, afforestation/reforestation has maximum potential for capturing carbon in a 
certain area (as vegetation and soil organic matter), whereas bioenergy can be annually produced and 
the carbon geologically stored elsewhere or disposed of in soil as biochar. Consequently, based on the 
current level of knowledge on GGR, bioenergy is likely to be the main alternative for promoting negative 
emissions, and possibly with much less impact than other speculative technologies (e.g., ocean 
fertilisation, ocean liming). The problem is, however, the availability of sufficient land for producing 
bioenergy on large scale without harnessing forest conservation and food production, given the vast CCS 
potential globally (IPCC, 2005).  
In a recent publication, Shah et al. (2013) modelled energy scenarios by 2050, including BECCS and 
economic variables, for two main pathways: Low Mitigation Scenario (LMS); and Low Carbon Scenario 
(LCS), which comprises four simulations (high in CCS, high in nuclear, high in renewables, and balanced) 
(Figure 2.35).  
 
Figure 2.35: Power Generation Mix Scenarios by 2050, under low fossil fuel prices 
Source: Shah et al. (2013) 




The results show that CCS plants would be largely associated with power generation with natural gas, 
coal and bioenergy, including combinations of this energy sources, for all LMS simulations. In fact, only 
BECCS can provide negative emissions. However, if bioenergy displaces coal in a conventional coal 
power plant (i.e., without CCS), and associated with this investment a CCS plant is connected to a coal 
power plant elsewhere, which would remain operational in any case (i.e., not representing an additional 
emission in the grid), then in principle negative emissions could also be attributed to the whole system, 
as a kind of ‘indirect BECCS’. However, this approach can easily be misinterpreted or misused to reduce 
the importance of BECCS in order to prioritise investments in fossil fuel power with CCS, but without the 
necessary equivalent bioenergy use at the other end for actual carbon dioxide removal. Further, this 
issue is politically sensitive and, therefore, this argument could be potentially misused to deliberately 
under value the negative emission potential of bioenergy (e.g., by pointing out only its problems, 
without recognising its benefits), for the purpose of, for example, keeping the status quo of mainstream 
investments vs. possibly preparing energy transitions.   
In fact, there are several BECCS technologies, with different production costs. Most of them are 
relatively well known, but the combination of bioenergy with CCS depends largely on the feasibility of 
CCS technologies. Examples of BECCS technologies are described below (Strapasson and Dean, 2011).  
Biomass fermentation 
This technology is based on the principle of capturing the CO2 emitted from the fermentation tanks at 
ethanol distilleries, as a result of the microorganism conversion of sugars into alcohols. IEA in its CCS 
roadmap (IEA, 2005) showed that this system has the global potential to store approximately 2 Gt of CO2 
by 2050, assuming that biofuels account for 26% of the total transport fuel demand (Fabbri et al., 2011). 
There are some studies on BECCS via biomass fermentation based on sugar-beet ethanol plant in France 
(Fabbri et al., 2011; Laude & Ricci, 2011), on wheat lignocelluloses ethanol plant in Germany (Hendriks 
et al., 2011), on corn ethanol and fertiliser facilities in the USA (C2ES, 2011), and on sugarcane ethanol 
plant in Brazil (Quintella et al., 2011). 
Biomass-based Substitute Natural Gas (BioSNG) with CCS 
The principle of the BioSNG process is to use biomass as an alternative energy source for natural gas, 
offering the opportunity for net CO2 uptake from the atmosphere, when associated with CCS. A 
commercial BioSNG plant is being built in Goteborg, Sweden, the Goteburg Biomass Gasification Project 
(GoBiGas), starting with 20 MW in 2012 and then 80 MW in 2016 (Carbo et al., 2011). 
Biomass combustion/co-firing 
The co-firing system usually refers to the burning of biomass in association with coal in thermo-power 
plants. For small percentages of biomass (up to 25%), minor boiler redesign may be required. The 




carbon balance and the plant performance depend mainly on the sort of biomass and technology 
applied. Co-firing technologies have substantially advanced in recent years. In the UK, for example, there 
are some large thermo-power plants co-firing biomass with coal, taking advantage of feed-in tariff 
benefits, usually importing wood pellets from the USA and Canada to complement their domestic 
feedstock supply (Woods et al., 2011). Co-firing is one of the most promising and perhaps cheaper 
alternatives for producing electricity from solid biomass. However, although this technology is very 
affordable, it still depends on further developments regarding the CCS systems to ensuring long-term 
CO2 storage (Gough & Upham, 2010; Baxter & Koppejan, 2004). 
Another relevant alternative to BECCS is the Integrated Biomass Gasification Combined Cycle (BIGCC) 
with CCS (Klein et al., 2011). This technology aims to convert biomass into gas and then use it in a 
combined cycle power system, i.e., vapour-gas system (Rankine-Brayton cycle), which has a higher 
efficiency than the conventional steam turbine power system alone (Rankine cycle). It is also possible to 
produce liquid fuels from this process. The technology is similar to a coal gasification combined cycle, of 
which there are many plants operating worldwide. 
Geoengineering governance: lessons from bioenergy 
Currently there is no specific regulation or international board dealing specifically with geoengineering. 
According to the Royal Society (2009), the main legal frameworks that are directly or indirectly related 
to geoengineering governance to date are: the UN Convention on Biological Diversity (CDB); UN 
Framework Convention on Climate Change (UNFCCC), UN Convention to Combat Desertification 
(UNCCD), Long-range Transboundary Air Pollution Convention (CLRTAP), Outer Space Treaty (OST), 
Convention for the Protection of the Ozone Layer, UN Law of the Sea Convention (UNCLOS), and London 
Convention and Protocol. Thus, this issue is not restricted to a single institution or framework, and its 
regulation should involve different UN boards, particularly UNFCCC and UNEP, but in some cases also 
FAO and even the Security Council to some extent.  
There is no precedent regarding geoengineering policy, but some lessons could be learnt from other 
experiences that involve cross-disciplinary approaches, e.g., the international initiatives on genetically 
modified organisms, ozone depletion, climate change, bioenergy and food security, among others. 
Bioenergy, for example, offers some useful tested experiences that could be ‘adopted and adapted’ for 
geoengineering schemes.   
Bioenergy may be a potential policy reference to the geoengineering agenda, given that it has become a 
significant energy alternative to tackling global warming, but it also has potential negative effects that 
have to be addressed by the international community. Similarly to geoengineering, in the case of 




bioenergy there is no specific international institution with an official mandate to deal with energy as a 
whole, although bioenergy is governed at national levels and included in national GHG emission 
reduction targets as mitigation measures. The International Energy Agency (IEA), for example, is an 
OECD initiative and does not effectively represent developing countries, such as, China, India and Brazil. 
Thus, many institutions began work on bioenergy in an uncoordinated manner, including FAO, UNCTAD, 
UNEP, IEA and IICA. In addition, several initiatives from NGOs, universities and the private sector have 
been established on sustainable biofuels, e.g., certification schemes and research collaborations. Thus, 
the lack a specific board legitimated to debate bioenergy as a whole led to the creation of an 
international governmental forum, the Global Bioenergy Partnership (GBEP, 2012).  
Therefore, considering the similarities between the successful GBEP experience and the need for the 
creation of a specific geoengineering board to avoid the risks of such controversial technologies, it may 
be worth discussing the establishment of a similar institution for geoengineering with full legitimacy to 
support the UN system and governments. It could help to promote innovation, international legal 
frameworks, and further science-based research. The newly created G20 could be approached to devise 
a scheme. UNFCCC may be the best institutional board to formulate specific resolutions or even a 
Geoengineering Protocol in the future, if applicable.  
In principle, major efforts should be made to promote conventional mitigation, particularly by reducing 
deforestation and investing in renewable energies and energy efficiency worldwide. Even the rational 
use of fossil fuels through smart energy planning could also help in reducing emissions (Strapasson & 
Fagá, 2007). In this sense, biofuels could play a major role in displacing oil-derivate products, primarily in 
the transport sector, as presented in the following Section 2.3.3.   
  




2.3.3. Biofuels in a nutshell 
The main political motivations for producing biofuel are, usually, energy security and to reduce carbon 
emissions. However, there are several other benefits of biofuels such as rural job creation, improvement 
of local infrastructure, technological development, income growth and tax revenue. Biofuels usually 
generate more jobs than the oil sector per unit of energy produced in a lifecycle analysis, as 
demonstrated by Sousa and Macedo (2010) in the case of sugarcane-based ethanol in Brazil. Biofuels 
can also leverage foreign investments in rural areas. However, biofuels may also present some risks to 
the environment and food system, depending on the magnitude of their expansion worldwide and the 
way in which new projects are implemented, particularly their potential impacts on the use of land and 
the availability of other natural resources (e.g., water, fertilisers) (Rosillo-Calle & Johnson, 2010;  Rosillo-
Calle, 2012; Diaz-Chavez et al., 2010).  
Aligned with the aim of this thesis, which is to assess bioenergy limits, this section focuses on the 
potential impacts of the expansion of energy crops on a large global scale, instead of the many benefits 
associated with them. It is also important to note that some countries have very particular 
circumstances for producing biofuels, for example, large territories and long expertise (e.g., Brazil and 
USA), and any generalisation may be misleading or even wrong. Nonetheless, it is important to consider 
some issues in a global context for a broad perspective in order to assess land use dynamics and 
constraints in a systemic way, as subsequently presented in the Methodology (Chapter 3).  
2.3.3.1. Biofuel status and policies  
The production of biofuel increased significantly during the period from 2000 to 2012, especially corn 
and sugarcane-based ethanol. As illustrated in Table 2.16, by 2013 the global biofuel production 
supplied 116.6 billion litres (2.5 EJ) consisting of 87.2 billion litres of ethanol, 26.3 billion litres of 
biodiesel and 3 billion litres of hydrotreated vegetable oils, which in total represents approximately 3.4% 




























USA 50.3 57.7% 4.8 18.3% 0.3 10.0% 55.4 47.5% 
Brazil 25.5 29.2% 2.9 11.0% - - 28.4 24.4% 
Germany 0.8 0.9% 3.1 11.8% - - 3.9 3.3% 
France 1.0 1.1% 2.0 7.6% - - 3.0 2.6% 
Argentina 0.5 0.6% 2.3 8.7% - - 2.7 2.3% 
The Netherlands 0.3 0.3% 0.4 1.5% 1.7 56.7% 2.5 2.1% 
China 2.0 2.3% 0.2 0.8% - - 2.2 1.9% 
Indonesia 0.0 0.0% 2.0 7.6% - - 2.0 1.7% 
Thailand 1.0 1.1% 1.1 4.2% - - 2.0 1.7% 
Canada 1.8 2.1% 0.2 0.8% - - 2.0 1.7% 
Singapore 0.0 0.0% 0.9 3.4% 0.9 - 1.8 1.5% 
Poland 0.2 0.2% 0.9 3.4% - - 1.2 1.0% 
Colombia 0.4 0.5% 0.6 2.3% - - 0.9 0.8% 
Belgium 0.4 0.5% 0.4 1.5% - - 0.8 0.7% 
Spain 0.4 0.5% 0.3 1.1% - - 0.7 0.6% 
Australia 0.3 0.3% 0.4 1.5% - - 0.6 0.5% 
EU-27 4.5 5.2% 10.5 39.9% 1.8 60.0% 16.8 14.4% 
World 87.2  26.3  3.0  116.6  
Source: Adapted from REN21 (2014) 
In 2011, over fifty countries had national biofuel policies and one regional policy (European Union 
Renewable Energy Directive) was in place (IEA, 2011c). By 2013, the number of national biofuel 
mandates had risen to 33 (REN 21, 2014), as described in Table 2.17. These policies usually provide 
biofuel blending mandates or national targets or quotas for the overall use of biofuels in the transport 
sector. In Brazil, policies to promote the use of ethanol as a transport fuel have been in place for almost 
a century (although more intensively since the Pro-Alcohol Programme was implemented in 1975 by the 
Brazilian federal government), and Malawi has been blending ethanol in its gasoline pool since 1982 
(COMPETE, 2007). Johnson and Silveira (2014) assessed lessons from Brazil, Malawi and Sweden, all 
pioneering countries in the use of ethanol for transport, which could be used by other nations 












Table 2.17: Biofuel mandates by country 
Country Mandate 
Angola  E10 
Argentina  E5 and B10 
Australia  E4 and B2 in New South Wales; E5 in Queensland 
Belgium  E4 and B4 
Brazil  E25 and B7  
Brazil can vary its blending ratio of anhydrous ethanol in gasoline from E18-E27.5 (Federal Law 13033/2004), 
according to supply and demand forecasts, i.e., E25 is not a permanent ratio. In addition, Brazil largely consumes 
pure ethanol (E100, using hydrous ethanol), in flex-fuel vehicles. 
Canada  National: E5 and B2 
Provincial: E5 and B4 in British Columbia; E5 and B2 in Alberta; E7.5 and B2 in Saskatchewan; E8.5 and B2 in 
Manitoba; E5 in Ontario 
China  E10 in nine provinces 
Colombia  E8 
Costa Rica  E7 and B20 
Ecuador  B5 
Ethiopia E5 
Guatemala E5 
India  E10 
Indonesia  B2.5 and E3 
Jamaica  E10 
Malawi  E10 
Malaysia  B5 
Mozambique  E10 in 2012–2015; E15 in 2016–2020; E20 from 2021 
Panama  E5; E7 by April 2015; E10 by April 2016 
Paraguay  E24 and B1 
Peru  B2 and E7.8 
Philippines  E10 and B5 
South Africa  E2 and E5 as of October 2015 
South Korea  B2.5 
Sudan  E5 
Sweden E85, Sweden has the largest fleet of flex-fuel vehicles in Europe.  
Thailand  E5 and B5 
Turkey  E2 
Ukraine  E5; E7 by 2017 
United States National: The Renewable Fuels Standard 2 (RFS2) requires 136 billion litres (36 billion gallons) of renewable fuel 
to be blended annually with transport fuel by 2022. The RFS for 2013 was reduced to 49.21 billion litres (13 
billion gallons). In addition to the blending schemes, the US also has flex-fuel vehicles engines, which normally 
use E85 with anhydrous ethanol. 
State: E10 in Missouri and Montana; E10 in Hawaii; E2 and B2 in Louisiana; B4 by 2012, and B5 by 2013; (all by 
July 1 of the given year) in Massachusetts; E10 and B5, B10 by 2013, and E20 by 2015 in Minnesota; B5 after 1 
July 2012 in New Mexico; E10 and B5 in Oregon; B2 one year after in-state production of biodiesel reaches 40 
million gallons, B5 one year after 100 million gallons, B10 one year after 200 million gallons, and B20 one year 
after 400 million gallons in Pennsylvania; E2 and B2, increasing to B5 180 days after in-state feedstock and oil-
seed crushing capacity can meet 3% requirement in Washington. 
Uruguay  B5; E5 by 2015 
Vietnam  E5 
Zambia  E15 and B5; E20 in 2014 
Zimbabwe  E5, to be raised to E10 and E15 
Source: Adapted from REN21 (2014), with minor updates.  
Various projections have been published for global supply and demand for biofuels, as well as for key 
countries and regions. According to IEA (2012b), projections for biofuel markets would provide about 30 
EJ/yr. in 2050 compared with less than 3 EJ/yr. today. However, to stay on a 2⁰C pathway, the levels of 
biofuel provision must keep rising after 2050 as oil and coal are phased out (IEA, 2012a, 2012b; van 
Vuuren et al., 2012). Shah et al. (2013) estimate that biofuels would have a key role in transport for the 
2oC pathway, i.e., over 40 EJ by 2050 (Low Carbon Scenario - LCS) and a minor role in a Low Mitigation 
Scenario (LMS) (Figure 2.36).   





Figure 2.36: Transport final energy demand for a low carbon and low mitigation scenarios by 2050 
Source: Shah et al. (2013) 
2.3.3.2. Biofuel crops and technologies 
Biofuels can be produced from a large number of feedstocks, which include sugar crops (e.g., sugarcane, 
beetroot), starchy crop (e.g., maize, wheat), cellulosic material (eucalyptus, miscanthus, residues, 
sugarcane bagasse), oil crops (oilseed rape, oil palm, soybean, jatropha, peanuts), tallow and used 
cooking oil. Black et al. (2011) represented the main flows of bio-based fuels and chemicals in a diagram 
format (Figure 2.37). Over the coming decades, the deployment of biofuels on a large scale will involve 
an increasingly wide range of feedstocks and an equally broad range of conversion technologies (IEA, 
2011c). A wide range of technical issues (e.g., fuel specifications and engine technology capabilities) and 
non-technical issues (e.g., availability of feedstocks, public acceptability and innovation timelines) affect 
the potential market development and deployment of the different biofuel options.  
 
Figure 2.37: Crop conversion routes for fuels and chemicals 
Source: Black et al. (2011). Note by the thesis’ author: Biodiesel is usually defined as a methyl ester and, therefore, a bio-based 
diesel produced from bio-oil or FT may not be classified as ‘biodiesel’, depending on the country’s nomenclature. 
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The conventional production of biofuels (aka first-generation biofuels) is based on two main industrial 
processes: fermentation (for ethanol production), and transesterification (for biodiesel production). In a 
few words, fermentation process uses yeasts (e.g., Saccharomyces cerevisiae) to convert sugars 
(including from pre-treated starch) into ethylic alcohol, followed by distillation to remove the water 
content. Feedstock examples for ethanol are sugarcane, maize, sugar beet, sweet sorghum, cassava 
(manioc), sweet potato, and wheat. Transesterification is based on the conversion of vegetable oils, by 
reacting them with an alcohol in the presence of a catalyst, into biodiesel, which is an ester with similar 
characteristics to diesel (a hydrocarbon), and glycerine, which is a by-product. Feedstock examples for 
biodiesel are oilseed rape, soybean, oil palm, jatropha and tallow. The use of catalytic cracking, which 
requires high temperature and pressure, for producing biodiesel, is also a common technological route.  
The use of ethanol or biodiesel for blending/displacing petrol (gasoline) or diesel, respectively, are 
limited in that their chemical and physical characteristics differ from their fossil analogue in ways that 
limit their overall proportion in fossil fuel blends, at least until engine technologies change. Thus, 
technological innovations are being developed to overcome the limitations of conventional biofuels to 
enable the production of so-called ‘drop-in biofuels’. Hydrotreated vegetable oil (HVO) can be regarded 
as near-commercial. Other options such as Fischer-Tropsch (FT) diesel and upgraded pyrolysis oils still 
require further research and development to reduce costs, and entirely novel fuels and supply pathways 
are being developed, e.g., algal oils. Theoretically, biofuels can be produced from any organic material 
(Ruth, 2008), but based on the type of crops, cultivation practices and the process involved biofuel crops 
are broadly classified as first- and second-generation crops (i.e., 1G and 2G). 
First-generation biofuels 
Nowadays, almost all biofuel production comes from first generation based on conventional food crop-
based feedstocks. Non-food feedstocks, which make a relatively small contribution, include jatropha, 
animal fats and recovered (used) cooking oils. Sugar, grain and vegetable crops are harvested for their 
sugar, starch or oil contents, which are converted to biofuels by different processes. The focus of the 
current debate is largely on the environmental and socio-economic implications of large-scale use of 
first-generation biofuel crops, although there is a significant potential for increasing the yields of first-
generation biofuel crops (IEA, 2006; FAO, 2008a, 2008b; Staley & Bradley, 2008; FAO, 2012). The yield 
depends upon the crop variety, soil quality, rainfall and irrigation, nutrient supplement and cultural 
practices. Biofuel conversion technologies such as fermentation and distillation for ethanol production 
and extraction, and esterification technologies, are commercially available and viable but are sensitive 
to national policies supporting biofuels or fossil fuels. First generation crops are likely to dominate 
biofuel production for many years to come, since these technologies are well established and an 




extensive production programme and targets already exist. Besides, there may be a substantial trade-off 
between using biomass for producing 2G biofuels against power generation. In practice, 1G biofuels may 
continue leading the market.  
Ethanol 
Brazil and the USA have dominated the ethanol market to date, representing 87% of the world ethanol 
production, as previously presented in Table 2.16. Brazil primarily uses sugarcane and the US maize. 
Apart from sugarcane and maize, sweet sorghum, sugar beet, cassava, rice and wheat are also used as 
feedstocks for ethanol production. Amongst the first generation biofuel crops, sugarcane (Saccharum 
spp) provides the highest ethanol yields of 7,000 litres/ha.yr. in Brazil with a global average of 5,000 
litres/ha.yr. The yield from corn-based ethanol is approximately 3,800 litres/ha.yr in the USA, whereas 
the global average is around 2,370 litres/ha.yr. (Table 2.18). Both countries, Brazil and the USA, present 
large variation of results with different production systems and advantages, depending on the 
methodology and assumptions adopted, as demonstrated by Chum et al. (2013) in a comparative 
analysis of Brazilian sugarcane and US corn, and by Seabra et al. (2011) in a LCA for the Brazilian ethanol.  
Table 2.18: Key characteristics of selected sugar and starch crops for ethanol production 
Crop type Plant species  Item Yield 
Starch crops Maize or corn (Zea mays) Production cycle 120 days (90-180)  
Productivity of ethanol / area 3,800 L/ha 
GHG reduction (LCA) vs. gasoline 40-55% 
Ethanol EROI 1.7 (1.7-5.5) 
Wheat (Triticum spp) Production cycle 150 days (130-200)  
Productivity of ethanol / area 2,500 L/ha 
GHG reduction (LCA) vs. gasoline 16-69% 
Ethanol EROI 2.0 
Sugar crops Sugarcane (Saccharum spp) Production cycle 5 years (with annual harvests) 
Productivity of cane (no irrigation)  85 t/ha (65-120) 
Productivity of sugar / cane 138 kg/tonne of cane  
Productivity of ethanol / cane  82 L/tonne of cane  
Productivity of ethanol / area 7,000 L/ha 
Heating value of hydrous ethanol 6300 kcal/kg 
Heating value of anhydrous ethanol 6750 kcal/kg 
GHG reduction (LCA) vs. gasoline 60-90% 
Ethanol EROI  9.4 
Sugar beet  (Beta vulgaris) Production cycle 100-140 days (2-year rotation cycle) 
 Productivity of root  30 t/ha (25-70) 
 Sugar content in root 12-21% 
 Water content in root 75% 
 Productivity of ethanol / area 5,500 L/ha 
 GHG reduction (LCA) vs. gasoline 52% 
 Ethanol EROI 2.0 
Sweet sorghum (Sorghum bicolor) Production cycle 120-140 days  
 Productivity of ethanol / area 3,000 - 3,500 L/ha 
Sweet potato (Ipomoea batatas) Production cycle 95 days (90-130 days) 
 Productivity of potato 15-30 t/ha 
 Productivity of ethanol / area 4,000 L/ha (1,250-5,900)  
Source: Prepared by the author. Database: MAPA (2013), Strapasson et al. (2014a), Chum et al. (2013) and F.O. Licht (2004). In 
addition, UNICA (2012) and CTC (2012), both citing: World Watch Institute (2006) and Macedo et al. (2008) for the energy balance; IEA 
(2005), MTEC, EU Commission, EPA and UNICA for productivity; and IEA (2004) and Macedo et al. (2004, 2008) for GHG balance.  
Note: ‘GHG reduction’ means the emissions avoided by the use of ethanol as a substitute for gasoline, under a lifecycle analysis. EROI 
may vary depending on local conditions and technology used.  




It is also important to note that in Brazil, some sugarcane producers have obtained on average 
approximately 8,500 litres/ha.yr., which is therefore much superior to other 1G crops, specially wheat; 
even using wheat straws for producing 2G biofuel would mean its total yield still be below 1G sugarcane 
ethanol. Therefore, the discussion on 1G vs. 2G crops is rather relative. Commercial sugarcane in Brazil 
yields approximately 85 t/ha (in a range between 65 and 120 t/ha) under rain-fed systems (MAPA, 2011, 
2013), but it can potentially reach 340 t/ha, as reported by Nogueira et al. (2013). Hence, sugarcane may 
be an aggressive plant not only for 1G, but also for 2G, by using its bagasse and leftovers in producing 
ethanol, in addition to the traditional sucrose fermentation.  
Biodiesel27 
The dominant crop for producing biodiesel is oilseed rape in Europe and soybean in Brazil and the USA. 
Although both crops present low oil yields per hectare compared with oil palm, for example, rapeseed is 
a rotation crop whereas soya bean oil is a co-product of protein meal production (used for animal feed, 
soya milk, soya meat, etc.). In Indonesia and Malaysia, oil palm is the dominant crop (Stone, 2007). Oil 
palm provides the highest annual biodiesel yield (around 4,500 litres/ha) and is therefore increasingly 
popular for large-scale biodiesel production, although over 90% of the oil is used for food, cosmetic and 
other non-fuel applications. Other herbaceous/tree species can also be used for biodiesel, such as, 
castor bean (Ricinus communis), pongamia (Pongamia pinnata), and jatropha (Jatropha curcas), which 
has been grown in several developing countries (Practical Action Consulting, 2009). The International 
Fund for Agricultural Development (IFAD) (Brittaine & Lutaladio, 2010) estimated that the global area 
with jatropha was approximately 900,000 ha in 2008 (760,000 ha in Asia, 120,000 ha in Africa, and 
20,000 ha in Latin America), which could reach 12.8 million ha by 2015, led by Indonesia in Asia, Ghana 
and Madagascar in Africa, and Brazil in Latin America. However, jatropha still requires major 
agronomical investments to become a competitive energy crop, including blooming period and the 
elimination of toxins, which can contaminate the mills for processing other oil crops, and the jatropha 
meal (if used as animal feed) (Strapasson et al., 2014a).   
Table 2.19 presents a comparative database of different biodiesel crops, as similarly presented for 
ethanol crops in Table 2.18. The values reflect yields from commercial production of crops and biodiesel 
under Brazilian conditions. Although ethanol and biodiesel usually have different applications in 
transport (i.e., ethanol vs. gasoline; biodiesel vs. fossil diesel), the productivity of sugarcane-based 
ethanol is superior by one order of magnitude to the biodiesel crops in general, except oil palm, which 
also present high-energy production per unit of area and high EROI, if not associated with deforestation.  
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Table 2.19: Key characteristics of selected oil crops for biodiesel production 
Plant species  Item Yield 
Soybean (Glycine max) Production cycle 105-135 days (86-162) 
Oil content in the grain 20% (18-21) 
Meal content 80% (79-82) 
Grain yield  2,800 kg/ha (1,800-4,000) 
Productivity (oil yield)  560 kg/ha 
Heating value of the raw oil 9,421 kcal/kg 
Biodiesel EROI 3.95 
Cotton (Gossypium spp) Production cycle 120-180 days (100-180) 
Oil content in the core  19% (18-20) 
Meal content 80-82% 
Cotton core yield  1,900 kg/ha (1,300-3,500) 
Cotton core yield 58-72% 
Cotton fibre yield 28-42% 
Productivity (oil yield) 361 kg/ha 
Heating value of raw oil 9,520 kcal/kg 
Peanut (Arachis hypogaea) Production cycle 85-140 days 
Oil content  45% (40-52) 
Meal content 48-60% 
Grain yield with husks 2,400 kg/ha (1,500-4,000) 
Productivity (oil) 788 kg/ha 
Sunflower (Helianthus annuus) Production cycle 90-140 days (65-165) 
Oil content  42-45% (40-47) 
Meal content 53-60% 
Grain yield 1,300-1,800 kg/ha (1,000-2,800) 
Meal yield 715-990 kg/ha 
Productivity (oil yield) 559-774 kg/ha 
Biodiesel EROI 2.37 
Castor bean (Ricinus communis) Production cycle 105-135 days (86-162) 
Oil content in bunch 20% (45-50) 
Meal content 50-55% 
Grain yield 1,000 kg/ha (700-2,000) 
Meal yield 715-990 kg/ha 
Productivity (oil yield) 470 kg/ha 
Heating value of raw oil 8,913 kcal/kg 
Heating value of biodiesel  9,046 kcal/kg 
Biodiesel EROI 1.85 
Oilseed rape (Brassica spp) Production cycle 120 days (84-195) 
Oil content  40% (38-45) 
Meal content 60% (55-62) 
Grain yield 1,433 kg/ha (1,100-2,400) 
Productivity (oil yield) 573 kg/ha (340-880) 
Biodiesel EROI 2.90 
Oil palm (Elaeis guineensis)  Production cycle 25 years  
Oil content in bunch 22%  
Productivity of bunch 10,000 kg/ha (3,000-25,000)  
Productivity (oil yield) 4,000 kg/ha (2,000-8,000) 
Heating value of raw oil 8,946 kcal/kg 
Heating value of biodiesel  9,530 kcal/kg 
Biodiesel EROI 8.60 
Source: Prepared by the author, adapted from MAPA (2013) and Strapasson et al. (2014a). Note: All values under 
Brazilian conditions. 
Some industrial experiments28 have recently been carried out to produce biodiesel (instead of ethanol) 
from sucrose fermentation via alternative metabolic routes, using sugarcane and other crops. 
Theoretically, it would be even possible to produce a kind of ‘2G biodiesel’ using the lignocellulosic 
process too. Another way to take advantage of the high yields of sugarcane ethanol was developed in 
Sweden, which uses ethanol to power diesel cycle engines (previously adapted to work on higher 
compression rates and with special additives), in hundreds of urban buses in Stockholm. The initiative is 
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 See recent works on alternative biofuels from Amyris (www.amyris.com) and LS-9 Inc. (www.reglifesciences.com). 




part of an international project called ‘Bioethanol for Sustainable Transport’ (BEST), 29 which is a 
European initiative coordinated by Sweden, a country that has inspired similar initiatives not only in 
European countries (e.g., Denmark, the UK, the Netherlands, Spain, Italy), but also in China and Brazil.  
Another feedstock for biodiesel is waste vegetable oil (WVO). However, despite its being a residue, the 
logistics of the collection chain and processing are usually expensive, and the availability is low 
compared with diesel demand. On the other hand, the use of WVO represents not only an energy 
source but also avoids waste collection and treatment and the associated environmental and economic 
impacts. 
Second-generation biofuels 
Second-generation biofuels are based on feedstock comprising lignocellulosic biomass such as woody 
biomass, grasses, agricultural residues (e.g., bagasse, husks, shells, straw, stalks, leaves) and  forestry 
residues (e.g., small roundwood, branches, leaves, saw-dust, thinning, etc). These feedstocks are 
available in abundance and can be harvested at a much lower cost than first-generation feedstocks 
(Sims et al., 2008). Nevertheless, some of these feedstocks may have alternative uses. Some of the crops 
that could be grown for biofuel production (Figure 5) include perennial grasses (e.g., switchgrass, napier 
grass, Arundo donax, and miscanthus), short-rotation willows, hybrid poplar, eucalyptus and microalgae 
(Li et al., 2008; Worldwatch Institute, 2006). Some feedstocks for biofuel production could become 
invasive species, and a cautious approach is needed when introducing species into regions where they 
are currently not present (UNEP, 2009). However, it is still too early to estimate the potential 
environmental impacts of this new biofuel paradigm, given that commercial demonstration of liquid 
biofuel production from lignocellulosic materials has only just begun (Janssen et al., 2013). 
The conversion of cellulosic material to biofuels involves breaking down the biomass to release the 
sugars effectively locked in the complex lignocellulosic structures, followed by a range of conversion 
processes to convert the sugars to biofuels. Breaking down the lignocellulosic structure can be achieved 
through three different processes (Sims et al., 2008; House et al., 2012; Black et al., 2011). 
 Enzymatic processes based on enzymes and microorganisms are used to convert cellulosic and 
lignocellulosic components of the feedstock to sugars before their fermentation to produce 
ethanol or alternative fuel molecules. An indicative biofuel yield through the bio-chemical route 
(enzymatic hydrolysis ethanol) is in the range of 110 to 300 litres (average 200 litres) per dry 
tonne of feedstock.  
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 Acidic processes, which use acid hydrolysis instead of, or in conjunction with, enzymes as 
described above.  
 Thermochemical processes: in thermal decomposition processes it is possible to produce bio-
oils (e.g., via catalytic cracking) or a synthesis gas (CO + H2, via Fischer-Tropsch process) from 
which a wide range of liquid fuels such as synthetic diesel or aviation fuel can be produced from 
biomass. An indicative yield of bio-based diesel through the processing of syngas in the Fischer 
Tropsch (FT) reaction, ranges from 75 to 200 litres per dry tonne of feedstock, whereas syngas-
to-ethanol ranges from 120 to 160 litres per dry tonne. It is possible to produce a large range of 
products including drop-in liquid fuels from syngas (CO and H2), by catalytically synthesising the 
gas into longer carbon chain molecules that are similar or identical to those in gasoline and 
diesel. This type of thermo-chemical process is called biomass-to-liquids (BTL). The derived fuels 
are often chemically and physically identical to their fossil analogues. 
Algae-based biofuels 
The use of algae for biofuels has been subject to substantial investments in technological development. 
Biodiesel feedstock markets worldwide may be in transition from increasingly expensive first generation 
feedstocks (e.g., soya bean, rapeseed and palm oil) to alternative, cheaper feedstocks. Other 
technologies suggest that algae-based biofuels may be viable for producing ethanol and even hydrogen 
(Strapasson et al., 2014a). As a result, the search for alternative feedstocks is driving new opportunities 
in the research and development of novel feedstocks. One type of feedstock that is considered to have 
potential for biofuel production is algae, which occur in two basic forms.  
 Microalgae (single cell photosynthetically active cultures) have not to date been shown on a 
sufficiently large scale to demonstrate commercial viability (Demirbas, 2009).   
 Macroalgae (large multi-cellular photosynthetic structures) can be utilised for the production of 
several bioenergy carriers, including starches for alcohols, lipids for diesel fuel surrogates, and 
hydrogen for fuel cells.  
Relative to terrestrial biofuel feedstocks, algae can convert solar energy into fuels at higher 
photosynthetic efficiencies, and can thrive in salt-water systems. Algal technologies are rapidly 
advancing with in terms of ability to genetically optimise the production of targeted biofuels (Beer et al., 
2009). The production systems for algae cultivation also vary, from simple ‘plastic bag’ type systems to 
tanks, artificial pools and natural lakes and marine systems. Thus, the productivity also depends on the 
systems used. Table 2.20 shows a comparative analysis of oil yields, taking three scenarios for algal 
biofuels against some traditional biodiesel crops. Potentially, algae could surpass the oil palm yields by 
an order of magnitude. Nevertheless, production costs are still much higher than conventional biodiesel, 




and the technology still uncertain despite the several pilot plants already installed in several countries, 
as assessed by IEA (2011b).  
Table 2.20: Comparison of oil yields from biomass feedstocks 




Oil palm 5,940 
Algae 3,800-50,800 
Source: IEA (2011b), citing Darzins et al. (2010) 
Algae have several commercial applications, from food industry to pharmaceutics. Then, the production 
of algae-based biofuels may occur in synergy with these markets. Table 2.21 shows the chemical 
composition of some micro-algal species. Technically, the protein part can be used as food or animal 
feed, carbohydrates can be converted into ethanol, and lipids into biodiesel or biokerosene, for 
instance. However, one of the bottlenecks of this technology is the substantial amount of moisture in 
the raw material for producing biofuels, usually requiring a substantial amount of energy for processing.  
Table 2.21: Chemical composition of different species of microalgae 
Species  % in dry matter  
Protein  Carbohydrate  Lipid Nucleic Acid  
Scenedesmus obliquus 50-56 10-17 12-14 3-6 
Chlamydomonas rheinhardii 48 17 21 - 
Chlorella vulgaris 51-58 12-17 14-22 4-5 
Chlorella pyrenoidosa 57 26 2 - 
Spirogyra sp. 6-20 33-64 11-21 - 
Dunaliella bioculata 49 4 8 - 
Dunaliella salina 57 32 6 - 
Euglena gracilis 39-61 14-18 14-20 - 
Tetraselmis maculata 52 15 3 - 
Spirulina platensis 46-63 8-14 4-9 2-5 
Spirulina maxima 60-71 13-16 6-7 3-4,5 
Synechoccus sp. 63 15 11 5 
Anabaena cylindrica 43-56 25-30 4-7 - 
Source: Strapasson et al. (2014a), citing Becker (1994). 
Currently, there is no clear commercial or technical advantage between the biochemical and thermo-
chemical processes for algae. Neither route is yet fully commercial even though there are fewer 
technical hurdles on the thermo-chemical route since much of the technology is already proven (Black et 
al., 2011; Sims et al., 2008). Extensive research programmes are ongoing in the USA, the EU, India, 
Brazil, Japan, Canada, Australia and China. The future of algae technologies remains uncertain, but 
further investments in research and development are necessary to obtain the first commercial-scale 
plants.    




2.3.3.3. The food vs. fuel dilemma 
The potential trade-off between the production of food and fuel from agricultural lands is the key issue 
in discussion of the limits of bioenergy in the long term. So far, the trade-offs between food and fuels 
are more related to food price dynamics than land availability constraints. FAO-OECD (2010), for 
instance, estimated that Sub-Saharan Africa and Latin America (excluding Brazil) accounted for only 
about 0.07% and 1% of the global biofuel production during the period 2007 to 2009 whereas 
projections for 2019 show slight increases to 0.08% and 1.09%. Thus, the potential implications of 
biofuel production on food production in these regions may be insignificant over the 2010s.  From 1970 
to 2010, per capita world food production grew by 17%, but in Africa it fell by 10% as population growth 
outstripped agricultural output, which remained relatively stagnant. This ‘food vs. fuels’ dilemma is 
thought to be most intense in areas that are most vulnerable to food insecurity, in particular the arid 
and semi-arid countries of Africa, although many studies have shown more positive than negative 
impacts that a local production of biofuels may have on their food systems (Pangea, 2012; Strapasson et 
al., 2012).   
The impacts of a potential large-scale expansion of energy crops worldwide are likely to have both direct 
and indirect effects on food security30. In terms of direct effects, in the coming years the focus in terms 
of biofuel production is likely to shift to developing countries because of the lower costs of production 
and labour, lower effective land rents, and lower processing costs (Worldwatch Institute, 2006). 
According to several reviews (FAO, 2008a; Bates et al., 2008; Peña, 2008; Mitchel, 2008), the growing 
demand for biofuel feedstocks has apparently contributed to rising food prices, threatening food 
security for many developing countries, even though other variables (e.g., oil price, trade barriers, dollar 
volatility, droughts, food stock variations) have been primarily responsible for higher food prices 
worldwide (ISO, 2009). However, more recently, the assumed correlation between increasing biofuel 
production and consumption and increased food prices has been strongly questioned. Baffes and Dennis 
(2013) concluded ‘that most of the [food] price increases are accounted for by crude oil prices (more 
than 50 percent), followed by stock-to-use ratios and exchange rate movements, which are estimated at 
about 15 percent each. Crude oil prices mattered most during the recent boom period because they 
experienced the largest increase.’ In response to the food price peak in 2008, the World Bank (2014) 
created the Global Food Crisis Response Program (GFRP), and the Global Agriculture and Food Security 
Program (GAFSP) to boost agriculture productivity in poor countries.   
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Table 2.22 (FAO, 2014) presents the world variation of the food price index in the past decades, 
confirming significant volatility in recent years. The real price is estimated by the FAO as the nominal 
price deflated with the World Bank’s Manufactures Unit Value index (MUV). 
Table 2.22: FAO Food Price Index in Nominal and Real Terms (2002-2004=100) 
 
Source: Prepared by the author, using FAO (2014) database. 
Therefore, the potential effects of biofuels on food prices are not homogeneous. ISO (2009), for 
instance, estimates that corn-based ethanol may have had some impact on grain prices in the 2008 
peak, but this was not the case for sugarcane, for which no impact was observed on the international 
price. Conversely, the following main causes could be attributed to such a peak: 
 Growth in food consumption worldwide (total and per capita); 
 Higher consumption of meat and processed food; 
 High price of oil and fertilisers, with direct impacts on the agricultural production costs; 
 High volatility of international food stocks; 
 Trade barriers and subsidies; 
 Dollar depreciation; 
 Biofuels, particularly from maize in some specific cases and conjunctures, for example, when the 
biofuel consumption growth exceeds the agricultural capacity to quickly counter-balance the 
market with the same growth rate.  
The Partners for Euro-African Green Energy (Pangea, 2012) also showed that the US and EU mandates 
have had no impact on food prices in Sub-Saharan Africa, and that biofuels can contribute to reduce 
risks in least developing countries caused by high volatility of international food prices, as well as 
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In many regions of the world, such as Africa and South Asia, crop yields are currently lower than would 
be expected based on soils and climate. For example, FAO data from 1961 to 2005 showed low average 
annual percentage yield increases of six field crops, with African cereal yields remaining around 1.5 t/ha 
(UNCEA, 2009). In such regions, biofuel production, if accompanied by agriculture intensification leading 
to increased crop yields, may not lead to any adverse implications for food security. Moreover, 
increased incomes to farmers from commercial biofuel production may generate capital for investment 
in agricultural practices (such as irrigation and land development) and livestock sectors, potentially 
leading to increased crop yields. Agricultural intensification in Asia and Africa could hold the key to 
making land available for biofuel production. However, if the global cropland area required for 
agricultural production substantially grows (e.g., because of a strong increase in meat consumption 
worldwide), displacement effects, land conversion and related direct and indirect impacts may be 
challenging (although avoidable if robust production standards for biofuels (UNEP, 2009; UNEP et al., 
2012) are widely adopted). 
Nevertheless, biofuels can also positively impact on food security (Lynd & Woods, 2011). For instance, a 
major obstacle to increasing production faced by African farmers is the relatively steep cost of transport 
to the farm, which means that farmers pay two to six times the global cost of fertilisers (Accenture, 
2013; Mitchell, 2011), and from the farm to market. Local biofuel production, if cost is competitive with 
petroleum fuels, could be one way to help reduce the costs of transport (though fuel costs are a small 
share of the total costs) and hence reduce vulnerability to fossil fuel price volatility. Secure, affordable 
and reliable energy inputs to food production systems are also a pre-requisite for stabilising and then 
increasing local food production and the resilience of long-term markets for that production (FAO, 
2011a). Yields of staple crops such as corn, rice, groundnuts and sorghum in the rural areas of 
developing countries are 30% to 60% lower than the global average and urgently need raising if the 
rising populations of these countries are to be fed with nutritious and safe foods. As a precautionary 
measure, when developing biofuel programmes, countries vulnerable to food insecurity should 
preferably integrate food and biofuel production chains in order to maximise the production of both.  
2.3.3.4. Biofuels and greenhouse gas emissions  
In theory, biofuels would be largely carbon neutral, if all carbon emitted in the biofuels combustion 
were re-captured afterwards via photosynthesis from a new plantation of biofuel crops. However, in 
practice, the biofuels lifecycle presents several non-cycled emissions, e.g., diesel emissions used in 
tractors, harvesters and lorries for transport, emissions from fertilisers (e.g., for the production of 
fertilisers in chemical plants, and N2O in soil), and the potential need for external energy sources in 
biofuel industries (e.g., the use of natural gas in corn-based ethanol plants). Yet the typical fuel cycle 




GHG emissions are around 30 to 90% lower per km travelled than those for gasoline or diesel fuels 
(IPCC, 2014b). If deforestation is caused by the expansion of energy crops, then an additional carbon 
emission should be included in the fuel cycle emissions, often resulting in large carbon emissions, which 
would require a payback period of several decades, not mentioning the biodiversity losses.   
Therefore, biofuels continue to be a controversial climate mitigation option, particularly when 
supported through national and regional policies that do not address key environmental issues, such as, 
land use impacts and GHG emissions. These policies are often designed to stimulate markets without 
specific actions to increase their production from sustainable resources. The adverse reaction to biofuel 
policies (and more broadly to bioenergy) around the world is reflected in recent reports by 
environmental NGOs and policy assessment institutes (e.g., Chatham House, 2013; RSPB et al., 2012; 
Michel, 2012). The objections raised range from questions addressing the fundamental capacity of the 
biosphere to cope with a significant new demand on net primary production (Krausmann et al., 2013), 
the scale of new land demand and the impacts of land use change, through to socio-economic issues to 
do with competition for resources, time/labour, capital and land, and food security. In this sense, as 
stated by Rosillo-Calle (2012, p. 1), ‘biomass for energy is both part of the problem and part of the 
solution’. Hence, this issue has to be looked in a broader perspective, considering the local conditions of 
each region, the production systems and the lifecycle analysis of carbon and energy. 
Similarly to agriculture, pasture and forestry, greenhouse gases are emitted at all stages of the 
production and use chain for biofuels, although in different magnitudes (FAO, 2011a). For biofuels to 
make an important contribution to climate change mitigation their implementation needs to result in a 
meaningful reduction in the use of fossil fuels in transport coupled with a significant reduction in 
greenhouse gas emissions compared with the equivalent fossil fuel baseline. The US EPA, for example, 
requires lifecycle GHG emission reductions of more than 50% compared with the baseline petroleum 
fuel it would replace, in order to qualify as an ‘advanced biofuel’ under its renewable fuel standard 
(RFS). Full lifecycle GHG emissions for gasoline and diesel are currently about 87 gCO2eq/MJ (JEC, 2013). 
A 50% lifecycle emission threshold including emissions from land use change, would allow up to 43 
gCO2eq/MJ for biofuels to be acceptable. The scale, importance and potential in terms of managing and 
mitigating these emissions are evaluated below. 
  




GHG emissions from land conversions   
The greenhouse emissions from energy crops have been the subject of several international studies 
(IPCC, 2014b; OECD, 2008; OECD-FAO, 2008). According to IPCC (2014b), emission estimates from land 
use change range from +450 to -80 gCO2eq/MJ for biodiesel and from +270 to - 90g CO2eq/MJ for 
ethanol supply chains. Some publications made a significant impact on the debate on the net CO2 impact 
of biofuels. Ravindranath et al. (2009) estimated that to substitute 10% of gasoline and 10% of diesel 
consumptions, the CO2 emissions from land conversion alone ranged from 753 Mt CO2 (grassland to 
jatropha plus grassland to sugarcane) to 1,825 Mt CO2 (grassland to soya bean plus abandoned land to 
corn). These land use change-derived emissions can be compared to the 840 Mt CO2 that would be 
emitted from the use of 10% of the diesel plus 10% of the gasoline in 2030 proposed for replacement by 
biofuels. 
Searchinger et al. (2008) reported an increase in total GHG emissions when biofuel crops were grown in 
the USA largely because of indirect land use changes. Similarly, Gibbs et al. (2008) used a database of 
crop locations, yields, vegetation and biomass estimates to calculate carbon payback times under 
different scenarios of future crop yields, biofuel technologies and petroleum sources. They concluded 
that the displacement of tropical ecosystems through the promotion of biofuels would lead to net 
carbon emissions for decades and production of biofuels on degraded or cultivated land would lead to 
carbon savings. These conclusions are rather controversial, dividing opinions about the main vectors 
related to biofuels and LUC effects. See, for example, the counter-arguments presented by Brander and 
Tipper (2010), showing that biofuels can certainly have direct GHG benefits, although the uncertainties 
associated with LUC impacts. In practice, biofuel expansion to date has occurred mostly over pasture, 
agricultural or marginal areas, i.e., already occupied lands (see for example the case of USA, Brazil, 
Argentina, Canada and EU, which represent almost the totality of biofuel production worldwide), and 
rarely over natural vegetation. Nonetheless, such a risk must be considered in future expansions. 
Another major concern about biofuels was raised by Fargione et al. (2008), who introduced the concept 
of ‘carbon debt’ from biofuel production, i.e., tonnes of CO2 resulting from land conversion (some 
including indirect land use change, iLUC) offset by biofuel replacing fossil fuels. Carbon debt could also 
be presented as the number of years of biofuel production required to offset the total CO2 emissions 
resulting from land conversion through fossil fuel substitution emission savings. Natural vegetation or 
pre-conversion land use and carbon (soil and biomass) density of the land influences the net CO2 benefit 
as calculated for new land used for biofuel production. Among the conventional ‘first generation’ crops 
assessed by Fargione et al. (2008), and under assumptions of first-generation biofuels, carbon debt 
would be highest for conversion of peat land to oil palm (3,452 tCO2/ha) followed by conversion of 




tropical rainforest to soya bean (737 tCO2/ha) and palm oil for biodiesel production (702 tCO2/ha). 
Conversion of grassland to corn (maize) and cerrado (a savannah-like biome) to sugarcane would lead to 
a net a carbon debt of 139 and 165 tCO2/ha respectively. The carbon debt is very low for the conversion 
of abandoned croplands, which have low carbon densities. Conversion of marginal cropland could have 
no net CO2 debt with similar results reported by Danielsen et al. (2008). The estimates by Fargione et al. 
(2008) did not include CO2 emissions from biofuel production and conversion processes and the carbon 
debt included only the biofuel component and excluded co-products, such as animal feeds (e.g. soya 
meal and dried distillers grains with solubles (DDGS)). If these biomass components are included in the 
calculations, the carbon debt is lower for many of the land conversion systems, particularly when 
biomass feedstocks (e.g., crop residues, sugarcane bagasse) are used for CHP. Sugarcane-ethanol and 
palm oil-biodiesel have been found to be the best feedstocks in terms of carbon savings if direct 
conversion of traditional lands (i.e., conventional areas used for agricultural or livestock) or marginal 
lands is carried out for biofuel production. Lapola et al. (2010) reported that iLUC could considerably 
compromise GHG savings if the conversion from forests to pasture and/or cropland takes place.  
As a matter of fact, the hypothesis that biofuels expansion to date could be indirectly affecting 
deforestation rates in Brazil, e.g., the Amazon Forest, is not consistent with the actual numbers 
(Strapasson et al., 2012). Figure 2.38 shows that since 2003, when Brazil started using flex-fuel cars and 
therefore investment in expanding sugarcane plantations in many Brazilian Centre-South and North-East 
Regions boomed, the rate of Amazon deforestation (which is located in the North Region) substantially 
decreased in the same period. Brazilian territory covers 851 million ha, the Amazon forest covering 334 
million ha (INPE, 2014), but sugarcane just 8 million ha, which is a substantial area, but relatively small 
compared whit Amazon forest or even pastureland (172 million ha) and annual crops (69 million ha), as 
described by Strapasson et al. (2012), using IBGE data. Therefore, it is not possible to statistically 
correlate sugarcane-based ethanol in Brazil (or even indirectly the American corn-based ethanol 
programme) with the recent deforestation in Amazon, which has other causes, as previously discussed 
in Forestry Dynamics (Section 2.2.4). 





Figure 2.38: Amazon deforestation rate vs. ethanol production in Brazil 
Source: Prepared by the author, using official data from INPE (2014) and MAPA (2014) 
Moreover, sugarcane expansion in recent decades in the Brazilian State of São Paulo, which is 
responsible for approximately 60% of the national ethanol production, occurred mainly over pasture 
and croplands (Coelho et al., 2014). However, despite the reduction in pasture area, the production of 
beef and milk in this state has substantially increased in the same period, because of livestock 
intensification, yield growth and the adoption of best practices. Overall, there is no correlation between 
biofuel growth and deforestation to date, even though future expansion of sugarcane in São Paulo State 
is likely to happen not only on pasturelands but also on some traditional croplands (Egeskog et al., 
2014), although this area may even temporarily decrease because of a recent crisis in the sugarcane 
sector in Brazil.   
With careful analysis and zoning, it might be possible to direct biofuel production and its resulting land 
use change so that it enhances rather than degrades terrestrial carbon stocks. House et al. (2012) 
analysed the carbon stocks and payback periods for biofuel production in Brazil, showing the 
importance of using detailed land classification and carbon stock data for estimating the carbon impacts 
of land use change. The Brazilian expansion of sugarcane to produce ethanol as a transport fuel has 
historically involved land use being transferred between different types of cropland, mostly pastureland 
(Nassar et al., 2011). Establishing sugarcane on cerrado can result in carbon losses of 300 to 1800 
tC/km2, (3 to 18 tC/ha; 11 to 66 tCO2/ha) depending on whether the sugarcane residues are burned or 
left in-field to decay. Replacement of degraded pasturelands or corn/cotton croplands with sugarcane 
can result in an increase of 1000 to 2900 tC/km2 (Macedo, 2010; Amaral et al., 2008), for above-ground 
biomass and soil carbon down to 20 cm). The resulting carbon payback times range from over 700 years 
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induced land use change (Andersen, 2009). Although it is now clear that there are good and bad biofuel 
production systems and options for expanding supply, overall, the scientific community remains divided 
about the net impacts of a significant expansion of biofuel production (IPCC, 2014b). It is not possible to 
provide an estimate of the global scale of the biofuel production that would be possible without causing 
significant negative impacts on global ecosystems or communities, i.e., through indirect or rebound 
effects. 
Thus, there is a great deal of speculation and concern regarding potential iLUC effects. The agricultural 
dynamics are so complex that the available model outputs continue to provide highly uncertain and 
inaccurate information on the likely effects, as demonstrated in a comparative analysis by Akhurst et al. 
(2011a) and Langeveld et al. (2013). Hence, it is not possible to accurately quantify, monitor and control 
iLUC, especially in the current globalised food market (IPCC, 2014b). However, precautionary measures 
via the implementation of specific public policies could reduce or avoid iLUC effects by, for example, 
using energy crops with higher yields, expanding biofuels into under-used or marginal areas, using agro-
ecological zonings and sustainable public policies for guiding new investments into favourable lands, and 
promoting capacity development and technology transfer in developing countries (Strapasson et al., 
2012; Lynd & Woods, 2011). The major shaping factor will be how the whole agricultural sector develops 
in the coming decades.  
Indirect land conversions could be a function of multiple, complex and inter-related drivers for land 
conversion, particularly deforestation. Using linked economic and terrestrial biogeochemistry models, 
direct and indirect effects of possible land use changes from an expanded global cellulosic bioenergy 
program on GHG emissions in the twenty-first century have been evaluated by Melillo et al. (2009). The 
model analysis predicts that iLUC will be responsible for up to two times more carbon loss than direct 
LUC. However, because of the predicted increase in nitrogenous fertiliser use, nitrous oxide emissions 
could be more important than carbon losses in terms of overall global warming potential. Other studies 
have shown a decrease in the estimated impact of LUC (including iLUC) because of a more detailed 
inclusion of the supply chain dynamics and co-products (Wicke et al., 2012) and a better understanding 
of the use of wastes and residues as feedstocks for bioenergy. 
In summary, biofuels can safely contribute to GHG mitigation strategies in the transport sector if 
significant emissions from land use change are avoided and appropriate production technologies are 
used (Cherubini et. al., 2009; Wicke et al., 2012; Langeveld et al., 2013). Although modelling indirect 
land use and the resulting emissions is challenging and uncertain, several strategies could be put in 
place to minimise the risk of iLUC (Wicke et al., 2012). For example, the utilisation of waste feedstocks 
carries minimal risk as do yield increases as well as feedstocks produced on under-utilised or marginal 




lands, with the proper safeguards in place. Capacity building for land use planning and enforcement in 
areas that are likely to be affected by either direct or indirect LUC may have the greatest long-term 
probability of reducing negative effects.31  
Concerning second-generation feedstocks, a review of LCA particularly focusing on GHG emissions 
concluded that very few studies have made an assessment of the net GHG benefits (OECD 2008). The 
review concluded that lignocellulosic ethanol and biodiesel production routes provide net GHG 
reductions ranging from 60% to over 120%. These conclusions are supported by more recent 
assessments of the potential for lignocellulosic feedstock-derived biofuels including the European 
Union’s JEC (2013) LCA update and the IPCC’s bioenergy annex to its Fifth Assessment Report (IPCC, 
2014b). The improvement with respect to gasoline and diesel could exceed 100% because of CO2 
benefits from the co-production of electricity. This is possible when biomass by-products are used for 
heat and power supply to replace fossil fuels. FAO (2008b) makes a conservative assessment and 
concludes that second-generation biofuels offer emission reductions in the order of 70 to 90% 
compared with diesel and gasoline, but this estimate excludes CO2 emissions from land conversion. 
Production of second-generation cellulosic feedstocks, which are often perennials, can reduce GHG 
emissions as a result of reduced nitrogenous fertiliser application and minimum tillage practices, 
compared with conventional cropping systems (Robertson et al., 2008). 
GHG emissions from agricultural co-products for biofuels 
Biofuels are not always directly associated with land conversion; for example, when residues, wastes, 
by-products or co-products32 are used. This includes products from both the agricultural stage (e.g., 
sugarcane, corn stover and wheat straws) and the industrial stage (e.g., sugarcane bagasse, vinasses and 
filter cake; soy meal; oilseed cake; rape meal; glycerine; oil palm empty fruit bunches; distillers dark 
grains and solubles; and sugar-beet pulp). These co-products have numerous potential applications, 
including for livestock feed and as feedstock for electricity and heat generation. Incorporation of the co-
products and their use for feed production and energy generation will have (mostly positive) 
implications for net GHG emissions. In addition, biogas from the treatment of vinasses, animal slurry and 
landfills can contribute to reduce global warming, by reducing the GWP of the methane gases that, 
                                                          
31
 A pioneer capacity-development programme on ethanol and zoning schemes was developed by Brazil in order to encourage 
more countries to produce ethanol and transform it into a commodity through win-win partnerships. Between 2008 and 2010, 
the Brazilian Ministry of Agriculture, Livestock and Food Supply (MAPA) organised capacity-building programmes on ethanol 
and zoning schemes for more than 70 developing countries, in collaboration with the Brazilian Cooperation Agency (ABC), the 
Federal University of São Carlos (UFSCAR), and the Brazilian Agricultural Research Corporation (Embrapa).    
32
 In summary, a residue or waste is called a by-product when it is used within a certain business, and as a co-
product when this use adds value to the company. 




otherwise, would be emitted directly to the atmosphere, as discussed in Wastes and Residues (Section 
2.2.6). 
Analysis by Croezen and Brouwer (2008) and Langeveld et al. (2013) indicated that co-products have a 
significant positive impact on land use requirements for biofuels and net GHG benefits, although the 
effects also depend upon the type of co-product and the trade-off with the nutrient balance in the soil, 
all in the context of lifecycle analysis. Similarly, the UK’s Gallagher Review (RFA, 2008) reported that 
some first-generation crops could outperform second-generation energy crops in terms of carbon 
benefits, if the utilisation of co-products were adequately considered.  
N2O emissions from soil cultivation  
Nitrous oxide is produced from N compounds in soil (derived from chemical fertilisers, animal wastes or 
organic matter) through denitrification and nitrification processes, the relative importance of each 
varying between soil types, soil moisture and temperature levels, and N source (Skenhall, 2011; Skenhall 
et al., 2013). Application of nitrogen-based fertilisers for biofuel production, particularly in marginal 
lands, could lead to increased N2O emissions which have a GWP 265 to 298 times higher than CO2 (IPCC, 
2013). 
Thus, cultivation of biofuel feedstocks with nitrogenous fertiliser application may reduce the net GHG 
benefit of biofuels. Bates et al. (2008) and Crutzen et al. (2008) concluded that N2O emissions from soil 
are a significant source of GHG emissions for first generation biofuel crops. Therefore, inclusion of N2O 
emissions to the estimates of CO2 emissions is necessary in the lifecycle analysis (LCA) of GHG emissions. 
In addition, a fair comparison between GHG LCA of biofuels (from field to wheel) and the GHG LCA of 
fossil fuels (from well to wheel) is required.  
2.3.3.5. Potential impacts on biodiversity 
The United Nations’ Convention on Biological Diversity (CBD) has expressed concerns about the effects 
of biofuel production on biodiversity, recommending scientific research to assess the positive as well as 
the negative impacts of specific projects (Table 2.23). In fact, the same principles should be applied to 
other similar sectors in agriculture for a level playing field. Large-scale biofuel production, like any large-
scale agriculture, can have either positive or negative implications, depending on the land category 
converted (direct and indirect conversion) for biofuel feedstock production, the biodiversity status of 
the land before conversion, the biofuel crop, and the cultivation / land management practices.  
 




Table 2.23: CDB recommendations on potential biofuel impacts on biodiversity 
Positive effects on biodiversity Negative effects on biodiversity 
Positive implications of biofuel production on biodiversity and 
human well-being, where the production and use processes are 
associated with:  
 reduction of the consumption of fossil fuels;  
 decrease in land use for agricultural purposes associated with 
the increase in energy outputs per area;  
 change in agricultural production leading to reduced 
management inputs, increase in crop diversity, restoration of 
degraded lands, reduction in the application of pesticides and 
fertilisers, reduction in water used for irrigation and increased 
water use efficiency of crops;  
 decreasing land abandonment and decreasing conversion of 
agricultural land to other uses;  
 increase of the income-base for farmers and forest owners and 
improvement of employment opportunities in rural areas, and; 
 reduction of GHG emissions derived from the use of liquid 
biofuels.  
Biofuel production and use can have adverse effects on biodiversity 
and human well-being, including where the production process and 
use are associated with:  
 loss, fragmentation and degradation of valuable habitats such 
as natural and semi-natural forests, grasslands, wetlands and 
peat lands and other carbon sinks, their biodiversity 
components and the loss of essential ecosystem services and 
leading to increases in GHG emissions because of these 
changes;  
 competition for land managed for the production of alternative 
crops, including land managed by indigenous and local 
communities and small-holder farmers, and competition for 
the commodity prices potentially leading to food insecurity;  
 increased water consumption, increased application of 
fertilisers and pesticides, increased water pollution and 
eutrophication, soil degradation and erosion;  
 uncontrolled cultivation, introduction and spread of genetically 
modified organisms;   
 uncontrolled introduction and spread of invasive alien species; 
and  
 emissions from burning biomass and potential adverse effects 
on human health. 
Source: Adapted from Recommendation XII/7 of the UNCDB Subsidiary Body on Scientific, Technical and Technological Advice 
(SBSTTA, 2007). 
Likewise, Sala et al. (2009) and FAO (2008b) stated how increased biofuel production could have 
negative implications on biodiversity because of the following issues.  
 Habitat conversion and loss: Agricultural production sometimes involves the expansion of 
managed land into natural forests, peat lands, grasslands, wetlands and marginal or abandoned 
lands, and biofuels present this risk too. De Vries et al. (2007) suggested that grasslands could 
be the primary target for biofuel expansion in many regions. It is important to note that 
conversion of marginal or degraded lands could also have adverse implications for biodiversity 
(Robertson et al., 2008). However, biodiversity is not an issue when biofuel production uses 
wastes or residues as such production does not involve any significant land use change.  
 Agricultural intensification: Commercial large-scale biofuel plantations are based on 
monocultures with low genetic diversity. This genetic uniformity may increase susceptibility to 
pests and diseases. Studies have reported that plantations adversely impact on biodiversity, 
compared with natural forests, where plantations have only a fraction of fauna including birds, 
mammals, and bats. Thus, when plantations expand into native vegetation they are not 
compatible with enhancing or maintaining biodiversity (Stone, 2007). However, with revised 
management practices, the biodiversity of existing plantations can be enhanced, e.g., through 
the introduction of biodiversity corridors and multi-species planting, as well as, buffer and alley 
strips, which may help manage negative impacts of intensified agriculture and provide 




biodiversity habitats. Careful integration of ligno-cellulosic, perennial crops with conventional 
agricultural crops, offers an option to  ameliorate the impacts of the ‘sustainable intensification’ 
of agriculture that Garnett and Godfray (2012) identify as necessary to feed the world’s growing 
population (Woods et al., 2010; Murphy et al., 2011; Skenhall et al., 2013). 
 Invasive Species: Taxa that invade or are introduced into areas outside their natural ranges can 
have large negative impacts on biodiversity. Non-native taxa (species and genotypes) have 
facilitated native species extinction, altered the composition of ecological communities and 
altered ecosystem processes (Sala et al., 2009). Some of the species identified for biofuel 
production are also potential invaders outside their native range (Barney & DiTomaso, 2008). 
Further, habitat changes associated with biofuel production are likely to increase the risk of 
invasion by non-native taxa. Whether these habitats are evidenced in large patches or small 
patches, or selectively harvested for particular species, leading to disturbance, each has its own 
invasion risks (Davis et. al., 2000).  
 Pollution: Large-scale commercial biofuel production will require the use of fertilisers and 
pesticides, which is likely to impact on terrestrial and aquatic biodiversity. Many of the biofuel 
crops such as sugarcane, corn, wheat, and oilseed rape rely on intensive management including 
fertiliser (mainly N, P and K) and pesticide applications. An over-use of fertilisers, for example, 
could lead to eutrophication of water resources as a result of the nutrient pollution, and this 
could lead to changes in habitat and ecosystem functioning of aquatic ecosystems (Carpenter et 
al., 1998; Martinelli & Filoso, 2008).  
Drivers affecting biodiversity may occur simultaneously and interact with one another. Multiple drivers 
can affect biodiversity in an additive, synergistic or antagonistic fashion, although the implications of 
this interaction are not well known (Sala et al., 2009). With the advance of second generation biofuels, 
these potential impacts could be reduced, given that second generation biofuel crops do not normally 
demand high levels of nutrient addition. However, Donner and Kucharik (2008) suggested that in order 
to maximise productivity, even perennial crops such as switch grass may require moderate to high doses 
of fertiliser application. In the long-term, most cellulosic feedstocks are expected to be generated from 
dedicated perennial crops. This perenniality reduces or eliminates the need for tillage after the original 
establishment phase. Cellulosic crops can be grown as more complex species mixes including native 
poly-cultures for conservation and biodiversity benefits (Robertson et. al., 2008).  
In addition, biofuel production using sustainable practices involving highly diverse mixtures of native 
grassland perennials offers a range of eco-system services along with reduced GHG emissions. With low 
agro-chemical pollution, it could have positive implications for biodiversity (compared with previous 
crops in the same area), especially where these mixtures mimic native grasslands. The implications of 




expanded biofuel production on biodiversity would be heterogeneous depending on the region under 
consideration, the biofuel crop and the production practices (Sala et al., 2009). Unless they come from 
natural ecosystems, vegetative  grasses used for expanding advanced biofuel production are likely to 
have less impact on biodiversity than oil palm or soya bean or corn in replacing tropical forests or 
grasslands. Currently, it is less well understood the implications of biofuel production from first- and 
second-generation crops on biodiversity, requiring further research. Biofuel production on abandoned 
or formerly intensively used agricultural land, or moderately degraded land, may indeed lead to 
beneficial effects on biodiversity depending on the production system used (UNEP, 2009).  
2.3.3.6. Water resources 
Food production in many tropical countries is subject to water stress and declining ground water levels, 
raising the need for a better water management (Bruinsma, 2011). The production of biofuel crops, such 
as sugarcane and corn, can require irrigation for higher yields. Thus, biofuel production could have 
adverse implications for water availability for food production, especially areas with a water deficit. A 
study by FAO (2008b) estimated around 850 litres of water are needed per litre of ethanol produced 
from corn and up to 1,300 litres per litre of ethanol from sugarcane as an indicator of the in-field water 
intensity of the crops. Therefore, the production of biofuel crops in regions with sufficient rainfall 
reduces (and even eliminates) the need for using irrigation. In Brazil, for example, most of the sugarcane 
is produced without irrigation, and sugarcane agro-ecological zoning indicates only areas with 
favourable raining conditions. In addition, some Brazilian States (e.g., São Paulo) have strict 
environmental regulations on the sustainable use of water in the biofuel production chain, including 
industrial processing (SMA, 2011). Notwithstanding water use is as serious problem, water use for 
biofuel production should be compared to that of similar food crops for a balanced regulation.   
Recently, substantial technological innovation has been promoted in order to reduce the need for water 
in the industrial stage of biofuel production. See for example, technologies of sugarcane drycleaning, 
and a novel sugarcane mill that can supply water at the end of the production process, by taking 
advantage of the water content within the sugarcane (Olivério, 2010). Obtaining a positive water 
balance is a radical change of paradigm in sugarcane industries, which are usually highly dependent on 
external water supply from rivers, lakes or aquifers.  
An important parameter for assessing the water balance in biofuel production is energy return on water 
invested (EROWI). Mulder et al. (2010) state that water usage varies from crop to crop, including for 
lignocellulosic crops. Further, even for a given crop there is a large range; for example, it is between 73 
and 346 litres/MJ of biomass energy for corn. The EROWI is higher for ligno-cellulosic crops than for 




first-generation biofuel crops. Similarly, Gerbens-Leenes et al., (2009) estimated the water footprint33 of 
bioenergy feedstocks.  
According to FAO (2008b) water scarcity, rather than land scarcity, may prove to be a key limiting factor 
for biofuel production in many regions. Extensive cultivation of biofuel crops for commercial purposes 
may lead to competition for water between biofuel production and subsistence food production, 
particularly in countries with limited availability of fresh water resources (Royal Society, 2008; Peña, 
2008). In regions of water scarcity there is a need for careful matching of biofuel crops to local water 
resources and competing demands. For example, even though jatropha is a drought-resistant crop 
requiring a minimum annual rainfall of 300 mm, production of seeds is low at these levels and its 
optimum annual rainfall requirement for good production is 1,200 mm (Wetlands International, 2008). 
2.3.3.7. Sustainability standards for biofuels  
The environmental and socio-economic implications of biofuel production are location and production 
system-specific. Although it is possible to produce biofuels in a sustainable manner with minimal 
adverse environmental and socio-economic implications, this requires development and enforcement of 
sustainable biofuel production criteria and standards, based on the three pillars of sustainability which 
are environmental, social and economic. The discussion on sustainable standards is often dominated by 
environmental criteria, without proper attention to social aspects and economic feasibility. Thus, the 
risk is of an excessive number of environmental criteria that it is unfeasible to meet and temptation to 
keep using fossil fuel or severely restrict growth of the biofuel market.    
Initial measures in terms of sustainability standards were carried out by the International Biofuels 
Forum (IBF),34 given that there is no single UN panel responsible for biofuels yet but many. Sustainability 
standards for biofuels have attracted the attention of the UNFCCC, Convention of Biodiversity, FAO, and 
IUCN. Some international initiatives (e.g., Global Bioenergy Partnership – GBEP; International 
Organization for Standardization – ISO; Roundtable for Sustainable Biomaterials – RSB; Roundtable for 
Sustainable Palm Oil – RSPO; International Energy Agency – IEA/Bioenergy Tasks) and countries are 
developing sustainable biofuel production norms, policies and guidelines.  
                                                          
33
 The water footprint (WF) of a product is defined by Gerbens-Leenes et al. (2009) as ‘the volume of freshwater used for 
production at the place where it was actually produced. In general, the actual water content of products is negligible compared 
with their WF, and water use in product lifecycles are dominated by the agricultural production stage. The WF consists of 3 
components: the green WF, the blue WF, and the gray WF. The green WF refers to rainwater that evaporated during 
production, mainly during crop growth. The blue WF refers to surface and groundwater for irrigation evaporated during crop 
growth. The gray WF is the volume of water that becomes polluted during production, defined as the amount of water needed 
to dilute pollutants discharged into the natural water system to the extent that the quality of the ambient water remains above 
agreed water quality standards’.  
34
 The IBF is formed of the following countries: Brazil, China, the European Union, India, South Africa and the USA. 




Biofuel production criteria may have to be region- and even country-specific. There are ongoing efforts 
to develop sustainable biofuel criteria and standards; sustainability criteria have been produced under 
the UK’s Renewable Transport Fuels obligation, the scorecard system of IADB (Inter-American 
Development Bank) and the EU Renewable Energy Directive (RED). In June 2007, the Roundtable on 
Sustainable Bioenergy (RSB), now called the Roundtable on Sustainable Biomaterials, was convened to 
address the sustainability issue of biofuels. Subsequently the EU adopted its RED in April 2009. It 
committed to sustainable biofuel production with the adoption of sustainability criteria to monitor 
competition for land and water for food crops and to limit the GHG emissions from land conversion. The 
directive is applicable in EU countries and those doing trade in biofuels with the EU (EU RED Directive, 
23 April 2009).  
The USA has also produced a revision to the Environmental Protection Agency’s bill on sustainable 
biofuel production standards (Renewable Fuel Standard 2) and confirms support towards sustainable 
production which should not compete with land and water for food or add to the net GHG emissions. 
UNEP, supported by the GEF, commissioned the ‘Global Assessments and Guidelines for Sustainable 
Liquid Biofuels Production in Developing Countries’ study and an associated assessment tool (‘Biofuel 
Greenhouse Gas Calculator’) that identified and assessed sustainable systems for the production of 
liquid biofuels both for transport and stationary applications (Franke et al., 2012). The assessment tool 
can be used to screen existing projects against sustainability criteria and to assess an existing project’s 
overall sustainability performance. UNEP et al. (2012) addressed issues such as lifecycle energy and GHG 
assessment, economics, social/food security and pricing as well as overall environmental impacts. IUCN 
has also developed sustainability criteria for biofuel production focusing on implications for biodiversity, 
and discourages biofuel production that involves conversion of biodiversity-rich land use systems.  
See Table 2.24 for a list of the main international sustainability assessment standards and norms that 
are currently being used to evaluate biofuel production and use. Among them, GBEP presents an official 
mandate for discussing sustainable criteria and indicators, a global initiative on governmental level. It 
was established in the 2005 G8 Summit by the Gleneagle Plan of Action and it currently involves 23 
countries and 12 international organisations which are more directly involved in bioenergy, such as 








Table 2.24. List of main sustainability assessment standards and norms used for biofuels 
Standards Initiatives Description 
Global Bioenergy Partnership (GBEP) Establishes environmental criteria and indicator for biofuels. GBEP is an official 
initiative (i.e., a governmental approach), which involves the main biofuel-
producing countries and UN institutions. 
International Organization for Standardization (ISO) Developing standard on sustainability criteria for bioenergy. 
Roundtable on Sustainable Biomaterials (RSB) Standard for assurance and certification of sustainable biofuels production and 
processing. 
Inter-American Development Bank Sustainable Energy 
and Climate Initiative (SECCI) and its Biofuels 
Sustainability Scorecard (IDB) 
Assesses the economic viability of biofuels and bioenergy development. 
International Sustainability & Carbon Certification (ISCC) 
 
Standard to reduce the risk of un-sustainable biofuel production; can be used 
as a proof of GHG emissions of biofuels on a lifecycle basis. 
Roundtable on Sustainable Palm Oil (RSPO) 
 
Standard to promote the growth and use of sustainable palm oil through 
cooperation within the supply chain. 
The Round Table on Responsible Soy (RTRS) Promoting responsible soybean production. Standards on development. 
Bonsucro / Better Sugarcane Initiative (BSI)  Standards to reduce negative social and environmental impacts of sugarcane 
production. 
UK Assured Combinable Crops Scheme (ACCS)  Agricultural standards; part of an initiative with a wider reach than simply 
biofuel feedstocks but modified to include biofuels under UK’s RTFO. Includes 
wheat and rape seed-based biofuels. 
IPCC guidelines for National Greenhouse Gas 
Inventories. Volume 4: Agriculture, Forestry and Other 
Land Use. 
Provides guidelines for calculating the greenhouse gas emissions and carbon 
stock changes from land use / land use change. 
Source: Prepared by the author in collaboration with J. Woods, as part of Woods et al. (2014b). 
The GBEP has produced guidelines for policy makers, procedures and tools for assessing sustainable 
bioenergy development, including on trade-offs between different policy objectives. These have led the 
official debate on biofuel standards. GEBP is a pioneering organisation, given that it involves 
governmental representatives from many countries, including the USA, Brazil and members of the EU. It 
works through taskforces and working groups, which involve specific players of interest. According to 
GBEP (2012), it provides a forum to develop effective policy frameworks to:  
 suggest rules and tools to promote sustainable biomass and bioenergy development;  
 facilitate investments in bioenergy;  
 promote project development and implementation;  
 foster R&D and commercial bioenergy activities.  
The GBEP’s main functions are to (GBEP, 2012):  
 promote global high-level policy dialogue on bioenergy and facilitate international cooperation;  
 support national and regional bioenergy policy-making and market development;  
 favour the transformation of biomass use towards more efficient and sustainable practices;  
 foster exchange of information, skills and technologies through bilateral and multilateral 
collaboration;  
 facilitate bioenergy integration into energy markets by tackling specific barriers in the supply chain. 




A major effort has been made by GBEP to establish sustainable global criteria and indicators for 
bioenergy which include not only the environmental pillar but also the social and economic ones. 
National governments, funding institutions and other stakeholders could voluntarily adopt the results of 
such proposals and adapt them to their own realities and interests, for example. On the other hand, 
such stringent criteria for biofuel crops are usually not applied to food crops. In this sense, biofuels have 
been treated unfairly for political or economic reasons, rather than science-based arguments.   
Recently, Grubb (2013) published a book, called Planetary Economics, suggesting that the 
transformation of energy systems relies on three pillars: (1) standards and engagement for smarter 
choices; (2) markets and pricing for cleaner production and products; (3) strategic investment for 
innovation and infrastructure. Under this approach bioenergy production would have to fit all these 
three interconnected domains to be considered as a sustainable energy option.  
  




2.4. Agro-ecological zonings and bioenergy 
Agro-ecological zonings (AEZ) is a useful tool for assessing land resources and modelling bioenergy 
expansion (Fischer & Prieler, 2010). The FAO has used AEZ systems since 1978 in order to guide land use 
planning. Since then, the FAO AEZ system has incorporated many innovations, as described by Fischer et 
al. (2002).  
 Georeferenced database on land resources. It contains approximately 2.2 million grid-cells, with 
information on climate, soils, terrain and elevation. It also includes spatial land use and land cover 
issues such as forests, protected areas, irrigated areas, population distribution and density, land 
required for habitation and infrastructure, estimates of cropland, grazing land and sparsely 
vegetated or barren land, and farming systems. 
 Standardised methodological framework, which is used for the characterisation of soil, terrain and 
climatic conditions relevant to agricultural production, as well as the identification of areas with 
specific climate, soil and terrain constraints to agricultural production. 
 Agricultural production systems, which present defined input and management relationships, and 
crop-specific environmental requirements and adaptability characteristics (Land Utilisation Types 
(LUTs).  
 Agricultural yields. The AEZ tool also offers procedures for calculating the potential agronomically 
attainable yield and for matching environmental requirements of individual crops and LUTs with 
the respective environmental characteristics contained in the land resources database by land unit 
and grid-cell. It allows the estimation of crop-specific suitability indices for each gridcell in the 
database, under different levels of inputs and management conditions. It also provides 
quantification of crop and land productivity potential under different cropping pattern and LUT 
assumptions. 
 Land optimisation tools, which comprise applications for estimating the land’s population-
supporting capacity and for multiple-criteria optimisation of land resource use for sustainable 
agricultural development, incorporating socioeconomic and demographic as well as environmental 
factors. 
Therefore, the global AEZ is a key tool for understanding global land use, and it could also be improved 
and used to support landscape and watershed management in regional level. However, this FAO zoning 
has neither the aim of specifically guiding bioenergy expansion worldwide nor the legitimacy to surpass 
sovereign decisions of biofuel-producing countries. A pioneer AEZ for biofuels was developed by Brazil 
which is linked with a robust legal framework to ensure its implementation.  




2.4.1.  Brazilian agro-ecological zoning  
This section derived from previous publications by the author during his PhD (see also Appendix 1: PhD 
activities), particularly Strapasson et al. (2012), Pacini and Strapasson (2012), and Araújo and Strapasson 
(2009), Strapasson et al. (2014a, 2014b): further explanations about the Brazilian AEZ experience can be 
found on therein. The aim here is to present a brief review on this topic which will be useful for 
discussing the green-Hubbert model.  
AEZ requires collection of bio-physical and socio-economic data, systematic data analysis and provision 
of information for all people involved in the process of zoning. Agro-ecological zoning must be 
understood as a complement to Economic-Ecological Zoning (EEZ), which in addition to physical-biotic 
information also includes socio-economic, strategic and political aspects. In a more comprehensive 
sense, AEZ is a well-described and planned spatial framework for assessing sustainable land use 
potential and providing a set of conditions and recommendations for land use, considering the region's 
available resources, environmental requirements and development objectives. Brazil has already 
published AEZ for two important crops: sugarcane and oil palm, in 2009 and 2010, respectively. 
Thus, agro-ecological zoning represents a powerful technical basis for supporting public policies as well 
as private decisions for sustainable land use planning. AEZ considers additional variables beyond those 
in climate risk zoning, including current land use, topography, water resources and environmental 
protection areas. In a stricter sense, agro-ecological zoning involves spatialising the land potential of a 
region for a given crop or product as a base for planning sustainable land use in harmony with 
biodiversity and conservation objectives. According to Strapasson et al. (2012), important aims of this 
zoning are as follows. 
 Design well-planned management and improved control of agricultural activities, aimed at wise 
use of scarce and fragile resources, through a participatory approach. 
 Show the potential, vulnerability and availability of land at regional and local levels, as a first 
step towards achieving sustainable use of natural resources. 
 Improve the land use economics, using land according to its suitability to increase productivity 
and lower costs, thereby increasing economic competitiveness. 
 Support social, economic and environmental planning on a sustainable basis. 
 Identify alternative use of land and water resources for different crops or products and regions, 
by using yield criteria for different production technologies to optimise output. 




 Ground research in biophysical data and support extension and technical assistance to farmers 
and entrepreneurs. 
 Promote institutional strengthening and cross-disciplinary analysis.  
AEZ can help both the public and private sectors to anticipate, manage and steer expansion in less 
developed areas to achieve optimal but sustainable land use. Special attention should be given to areas 
where people are already settled and/or where there are evidence of sustainable resource use and 
opportunities for well-planned rural development. Different types of environmental attributes must be 
considered in agro-ecological zoning and used to perform land and climate evaluations based on crop 
requirements. Thus, agro-ecological zoning supports policy decisions on land use, with consideration for 
distinct technological levels, to break the downward spiral of extensive agro-industrial production and 
its accompanying environmental degradation (Strapasson et al., 2012). As a further step, it could also be 
used to avoid extensive areas of monoculture through the optimisation of landscapes for multiple 
purposes, incorporating ecological corridors for biodiversity.   
2.4.1.1. Sugarcane agro-ecological zoning  
Sugarcane agro-ecological zoning was coordinated by the Department of Sugarcane and Agroenergy at 
the Brazilian Ministry of Agriculture, Livestock and Food Supply (MAPA) through an official working 
group established by a Ministerial Decree,35 involving an interdisciplinary team including representatives 
from the Ministry of the Environment. The results of this zoning were published by the Brazilian 
government as a legal framework,36 and also as GIS (Global Information System) maps edited by 
Embrapa Soils Geoportal (Embrapa, 2010; Manzatto et al., 2009).  
The objective of the sugarcane AEZ was to stimulate further expansion of this crop for ethanol and sugar 
production, whereby the environmental impacts would be lower and the investments welcome. 
Therefore, in order to avoid a random sugarcane expansion under a laissez-faire policy, the following 
areas were excluded as a precautionary measure. 
 Amazonia and Pantanal biomes. 
 Hydrographical basin of Paraguay River. 
 Areas with any type of native vegetation, in any Brazilian biome. 
 Areas without soil and climate favourable conditions. 
 Areas that require full irrigation system. 
 Areas with declivity of more than 12%. 
                                                          
35
 MAPA Decree 333/2007 (Portaria). 
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 Presidential Decree 6.961/2009; MAPA Normative Instruction 57/2009; Bacen (Central Bank of Brazil) Resolutions 3.813/2009 and 
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 Protected areas. 
 Indigenous reserves. 
 Areas with high conservation value for biodiversity. 
The sugarcane AEZ was a pioneering initiative for biofuels worldwide. It represents a high-quality 
technical tool for designing innovative public policies; construction of new mills and financial support 
from banks are only permitted for suitable areas under AEZ. The preferred areas are predominantly 
pasturelands, where livestock production could be intensified, thus releasing areas for other crops. 
Figure 2.27 presents the current Brazilian land use.  
 
Figure 2.39: Land use in Brazil (in million ha), and respective proportion in the total territory 
Source: Prepared by the author, adapted from Strapasson et al. (2012), with data from MAPA, Conab and IBGE.  
Therefore, pastureland in Brazil represents the main productive land use type, but it has often been 
used inefficiently in some areas. These areas are likely to be reduced in the coming decades by the 
incorporation of new livestock technologies. Therefore, it is possible to convert some pasturelands for 
other crops without reducing livestock production. For example, in the State of São Paulo sugarcane has 
been expanding mainly over pastureland, which is decreasing in area; however, contrary to 
expectations, both beef and milk production have been increasing. Such productivity gains are reflected 
to a lesser extent in Brazil as a whole, which is now the world’s largest beef exporter, whereas 15 years 
ago it was a beef importer. This experience could be adopted and adapted37 by other developing 
countries in order to leapfrog learning curves towards a competitive agriculture.  
Regarding the environmental protection of the Amazon region, it must also be noted that, currently it is 
not economically viable to produce sugarcane in this region, because of the long rainy season of the 
equatorial climate, distance from the consumer market and precarious infrastructure conditions. Even 
so, AEZ is an important instrument that could help to avoid risks to both biofuel sustainability and 
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Amazon conservation. The same concern is valid for the Pantanal Region. The observance of such zoning 
for financing and official authorisation is legally mandatory in Brazil, in addition to fulfilment of the 
environmental laws. As a result, no new sugarcane industrial project is anticipated in these two regions. 
Yet constant law enforcement is necessary to keep an effective level of control. 
Table 2.25 and Figure 2.40 (both from MAPA et al., 2009) show a summary of the potential areas for 
sugarcane expansion according to AEZ, excluding the Amazon and Pantanal Regions and the Paraguay 
River basins. The potential suitable areas are 64.7 million hectares, amounting to 7.5% of Brazilian 
territory and almost eight times the current sugarcane area (8.1 million hectares), although only a 
fraction may be occupied.  
Table 2.25: Sugarcane AEZ, suitable areas for sugarcane expansion according to type of land use by class of 
sustainability (Mha), and percentages of the Brazilian total territory, in brackets 
Classes of suitability Al Ag Ac AI + Ag AI + Ag + Ac 
High (H) 11.3 (1.33%) 0.600 (0.07%) 7.3 (0.86%) 11.9 (1.40%) 19.2 (2.26%) 
Medium (M) 22.8 (2.68%) 2.01 (0.24%) 16.3 (1.91%) 24.8 (2.91%) 41.2 (4.84%) 
Low (L) 3.0 (0.35%) 0.483 (0.06%) 0.731 (0.09%) 3.5 (0.41%) 4.2 (4.93%) 
H + M 34.04 (4.00%) 2.6 (0.31%) 23.7 (2.78%) 36.7 (4.31%) 60.4 (7.09%) 
H + M + L 37.2 (4.37%) 3.09 (0.36%) 24.4 (2.87%) 40.3 (4.73%) 64.7 (7.60%) 
AI: Areas exclusively used with livestock. 
Ag: Areas used with agriculture and livestock (nomenclature used for areas in which was not possible to separate agriculture from 
pasture because of mapping scale or mixed uses). 
Ac: Areas exclusively used with agriculture. 
Source: MAPA et al. (2009) 
 
 
Figure 2.40: Sugarcane Agro-ecological Zoning in Brazil  
Source: MAPA et al. (2009) 




Another important measure adopted by the sugarcane AEZ was to exclude areas with high declivity in 
order to stimulate the adoption of mechanical harvesting, since manual harvesting of sugarcane is 
undesirable for environmental and socio-economic reasons. The aim is to guide the crop expansion only 
on suitable areas for mechanisation, i.e., lower than 12%, which is the current highest declivity under 
which mechanical harvesters can operate. However, despite the fact that manual harvesting is arduous 
work, around 500,000 people work as sugarcane cutters out of approximately 1.3 million people 
formally working in the sugar cane sector in Brazil (Sousa & Macedo, 2010). Hence, the conversion from 
manual to mechanical harvesting must be gradual in order to allow the incorporation of these workers 
into other activities. Some of these employees could work in the sugar and ethanol industries, for 
example. Even with mechanisation, ethanol generates many more jobs than gasoline per unit of energy 
delivered.  
Therefore, the current challenge is to stimulate the best labour practices while also promoting 
mechanical harvesting. This social concern must also be addressed by African countries interested in the 
production of sustainable biofuel, since sustainability under the United Nations concept implies not only 
the environmental pillar but also the economic and social pillars. In this sense, another important useful 
example from Brazil is the ‘Social Agreement on Sugarcane’, launched in 2009, which was voluntarily 
signed by workers’ and millers’ representatives; it establishes best working conditions in addition to the 
already strict labour legislation. More than 75% of the Brazilian sugarcane millers have already signed 
the agreement, which was coordinated by the federal government. 
Despite the social concerns related to job losses, mechanical harvesting presents an important 
environmental gain by avoiding cane burning, which is a traditional agronomical technique used to 
facilitate manual harvesting. The burning system is very common worldwide, including in most of the 
African and Asian sugarcane farms employed by the sugar industries. Excluding cane burning also 
benefits soil conservation: keeping a certain amount of sugarcane straw (trash) on the soil increases its 
carbon content, limits erosion and reduces the demand for herbicides. Sugarcane burning also damages 
air quality, because of emissions of NOx, SOx, CO and aromatic compounds, particulate materials and 
hydrocarbon emissions (Strapasson & Job, 2007). In the future, it will be probably profitable to use part 
of the sugarcane straw for energy generation, but transportation costs will still be a barrier. Another 
possibility would be to produce ethanol from both the straw and the bagasse, by lignocellulosic 
hydrolysis technology (still under research and development) or by the Fischer-Tropsch process. In this 
new scenario, other crops (e.g., sweet sorghum, switchgrass, Pennisetum sp., and eucalyptus) may 
become relevant for biofuel production, and the AEZ method could be applied to guide the expansion of 
these new crops as well (Strapasson et al., 2012).  




The sugarcane AEZ could also be further refined and improved, by integrating other land use planning 
schemes, which have been already developed in Brazil, for example, schemes for soybean and livestock 
production, and regional strategies for forest conservation and water management. Besides, the zoning 
could have a downscaling approach to optimise smaller systems with higher value products or 
complementary fuels, as well as the logistics and infrastructure.  
2.4.1.2. Oil palm agro-ecological zoning  
In Brazil, the AEZ has also been completed for oil palm (Figure 2.41); and made official by the Brazilian 
government as a strong legal framework.38 The oil palm AEZ covers all the Brazilian territory with 
agricultural potential for this crop, based on the commercially available technologies. However, the 
main potential is located in the Brazilian North Region, and near-coastal Northeast Region. Technical 
details were published by MAPA (2010), Ramalho Filho et al. (2010) and Strapasson et al. (2012). The 
method used for evaluating land was the ‘Land Suitability Assessment System’, developed by Ramalho 
Filho and Beek (1995). Oil palm might be appropriate in some African equatorial regions with 
considerable annual rainfall (2500 to 3000 mm). The Brazilian experience could thus be adopted as 
another reference point for Agro-ecological zoning, and similar approaches could be applied in the 
humid tropical areas of Africa (mid-west and mid-east coasts), to show their different environmental 
conditions and economic development strategies.  
 
Figure 2.41: Oil Palm Agro-ecological Zoning in Brazil  
Source: MAPA et al. (2010) 
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Oil palm production can generate income and jobs and in some cases reduce the pressure on native 
forests. However, to promote the production of palm and other crops in sensitive rainforest regions, 
basic environmental requirements must be strictly respected; they must promote both forest 
conservation and agricultural activities in a symbiotic way (Araújo & Strapasson, 2009). There are 
significant opportunities to increase palm oil cultivation, since Brazil is still a net importer of palm oil. It 
also represents an opportunity to couple small systems to avoid importing fuel from long distances, 
through an effort of smallholders. It can also help to decentralise biofuel production systems 
nationwide.  
Moreover, this zoning could be improved by integrating other landscape management strategies, 
including the sustainable management of natural resources, particularly water, and biodiversity 
protection, both at regional and local levels. Also, some regions of Northeast States, such as Paraíba, 
Pernambuco and Alagoas, are historically too dependent on sugarcane plantations, and therefore this 
zoning could be used to promote agricultural diversification in these critical regions, by promoting not 
only palm oil, but also the production of alternative crops, such as fruits, coconut, vegetables and 
ornamental plants.  
2.4.1.3. Fundamental steps for land use assessment 
The following fundamental steps should be followed in order to prepare a land use assessment on 
regional or national level (Strapasson et al., 2014b). 
 Identify the key institutions responsible for land use data and territorial planning in the target 
area, such as governmental agencies, local authorities and research institutions. 
 Gather all the useful land use data available for the target region, such as surveys, maps and GIS 
images. This includes maps that show the location of agricultural and pasture fields, native 
ecosystems, infrastructure and topography, as well as soil, temperature and precipitation maps. If 
they are not available, or if the database is not sufficiently robust, then new data should be 
prepared. Mapping information should also be checked in loco whenever necessary in order to 
ensure the accuracy of the database. 
 Identify the current bioenergy areas (if any) and areas with land use potential for sustainable 
biomass production; for example, solid biomass (e.g., eucalyptus, pine and other woody plants for 
cooking, heating or power) or biofuels crops (e.g., sugarcane, oil palm, oilseed rape). Selected 
crops should have positive net energy balances and net carbon savings when compared with the 
equivalent fossil fuel options (e.g., sugarcane ethanol vs. gasoline; rapeseed biodiesel vs. mineral 




diesel). It is also important to obtain specific data on the environmental impacts of the production 
of the chosen crop.  
 Assess the ongoing landscape and watershed planning beyond the crop of interest in order to 
design a sustainable system, where the chosen energy crop is a major but not the unique one to 
have a planned system. 
 Exclude sensitive areas, in full compliance with the environmental law, and consult stakeholders 
and local communities about the land availability initially identified. Ensure that the selected 
areas for energy biomass will not damage the local food supply as well. 
 Then estimate the total biomass that could be produced in the selected lands, by means of 
lifecycle assessment (LCA) based on the type of crop selected for the project and its agronomical 
yields and cycles for the target region. The effective biomass potential would also depend on the 
economic feasibility of its expansion. Impacts on the biomass processing (e.g., biofuels plant) 
should follow a specific Environmental Impact Assessment (EIA) (Zah et al., 2007). 
As shown by Strapasson et al. (2014b), the credibility of the assessment is strongly associated with the 
accuracy of the database, the methodology adopted, and the stakeholder’s involvement, including 
NGOs. Besides, projects may vary case by case, depending on local circumstances, legal framework and, 
in some cases, even political will. Funding agencies, if any, may also ask for additional issues to be 
covered in the project, e.g., impacts on number of jobs and the infrastructure required for meeting a 
certain land use potential for bioenergy. The steps above are just a simple guidance on some of the key 
issues for a biomass assessment. A comprehensive assessment would have many more dimensions (see 
also Rosillo-Calle et al., 2007).  
Thus, there are a number of issues to look at in development of a land use assessment project; it 
demands professionals with complementary backgrounds and expertise in the area. To ensure the 
environmental, social and economic benefits of a bioenergy project, it is essential to understand the 
complexity behind rural development, food security and forest conservation issues. It is certainly a 
multi-disciplinary task, which relies on systems thinking as a basis for a comprehensive assessment. 
  




2.5 Bioenergy and the Hubbert Curve  
Fossil fuels and bioenergy have some conceptual similarities in terms of reserve dynamics. In the case of 
fossil fuels, e.g., oil, the reserves are limited to the non-replenishable geological stocks available 
worldwide, and the ultimate production potential of bioenergy is limited to the land surface available to 
produce crops, e.g., sugarcane, among other limiting factors (e.g., photosynthesis yields and long-term 
availability of natural resources).39 Therefore, the following section presents an overview about the 
Hubbert model in order to support the methodology proposed for a green-Hubbert curve.  
2.5.1 Overview of the classical Hubbert model 
The debate about the durability of oil reserves started at the beginning of last twentieth century, but it 
was only after James Hubbert’s studies in the 1950s that the issue spread globally. Hubbert was an 
American geophysicist, who had been very involved in theories of Earth geo-history, based on the 
theories of previous British researchers, such as James Hutton and John Playfair in the eighteen and 
nineteenth centuries, respectively. Hutton was a pioneer in studying geological formations from a 
temporal perspective. In 1785, he consolidated his insights in his famous article concerning the systems 
of the Earth, its duration and stability (Hutton, 1785). Years later, Playfair illustrated the Huttonian 
theory of the Earth, exploring details and proposing new explanations of Earth’s geodynamics (Playfair, 
1802). The evolution of this research area, associated with new statistical methods, gave Hubbert the 
necessary background to propose a curve that estimated ‘peak oil’ in the USA, as inferred from the 
historical publications compiled by Albritton (1975).  
Curves which describe the use of natural resources, population growth, and other examples that are 
bounded to certain limiting factors can be usually described as an S-curve model, given that the 
maximum growth will tend to an asymptote. The derivative of this curve results in a bell-curve, for 
example, a Gaussian distribution. A variation of this curve is a logistic curve, which in certain models fits 
the registered results better and therefore gives a more accurate estimate for the projections. The 
Hubbert curve, for instance, is a logistic curve and not a Gaussian curve.  
In the oil sector, the cumulative production of oil tends to a horizontal asymptote, which is the oil 
Estimated Ultimate Recovery (EUR). This cumulative production fits an S-curve, because oil is a non-
renewable source. The S-curve for oil is as Equation 2.3 (Laherrere, 2000). 
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 These limiting factors might be substantially different for algal biofuels for instance. However algal production systems are 
not within the scope of this thesis, although the methodology proposed here could be adapted to include them in future 
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1 + 𝐸𝑋𝑃 (𝑏(𝑡 − 𝑡𝑚))
 
Q = Cumulative production (million tonnes) at the reference date (year) 
U = Ultimate recovery (million tonnes) 
t = reference date (year) 
tm = date at midpoint (year) 
b = factor describing the slope of the curve 
The model is based on the 3P concept of oil reserves, i.e., proved, proven and possible reserves, 
depending on the probability of oil existence. Since the publication of Hubbert’s original curve, many 
countries have used his model, although there are many other models which estimate peak oil (Sorrell 
et al., 2009). The Hubbert model is still applicable when the database is appropriate for the model, even 
though some external variables (e.g., market decisions, OPEC strategies) are difficult to predict and can 
affect the accuracy of the results. Following the S-curve, the derivative of Q per t (dQ/dt) represents the 
variation of the cumulative oil produced by a specified year given a yearly rate, i.e., the annual 
production (P; Mt/yr). In order to derive the exponential value, the following trigonometric equivalence 
for hyperbolic cosine (COSH) is applied: 
COSH =  
EXP (x)  +  EXP(−x)
2
 
The maximum value of such a curve will occur when X = tm and Y = Pm, representing the midpoint of the 
ultimate reserves. This is the so-called ‘peak oil’ after which the production rate would tend to zero, 
when no oil reserves would no longer exist, at least for a new long geological time-scale. Hence, the 






(1 + 𝐶𝑂𝑆𝐻(𝑏(𝑡 − 𝑡𝑚))
 
P = annual production of oil (dQ/dt) 
Pm = peak of the annual production of oil, i.e., the midpoint of the ultimate recovery (U), see Equation 2.3. 
t = reference date (year) 
tm = the year of peak, i.e., the date at midpoint (half-life), as Equation 2.3. 
b = factor describing the slope of this curve 
Factor ‘b’ can be better described in terms of ‘c’ and ‘d’, which are the duration of the half-life from a 
cut-off at 0.027Pm and 0.01Pm, respectively. As an analogy, these variables represent a similar 
approach to the standard deviation (s) in a Gaussian curve, but in this case the variable ‘d’ from the 




Hubbert curve would be approximately 3s, for instance. In the Hubbert model, as described by 















Thus, the annual production of oil (P) described in Equation 2 can also be described in terms of 















In addition, it is possible to describe the annual production at c (Pc) and d (Pd) points, i.e., at 











Many authors have discussed the pros and cons of the Hubbert model approach (Laherrere, 
2000; Ferreira, 2005; Foucher, 2007; Goldemberg et al., 2014). In fact, the accuracy of the model is 
determined by the quality of the data applied. Laherrere (2000) compared the use of Hubbert’s curve in 
a series of examples:  
- US lower 48: as estimated 1960 (before peak) and 1997 (after peak); 
- FSU: as estimated in 1980 (before peak) and 1997 (after peak); 
- UK: first and second cycles of discoveries (double peak oil), as estimated in 1980 and 1998, 
respectively; 
- World oil production.  




Foucher (2007) conducted exercises using the Hubbert curve to model oil production, as well. Figure 
2.42 shows the results obtained by Hubbert in 1956 for the USA, which still significantly fit the historical 
data, as well as a simulation of Norway’s curve, which presents a significant correlation, too. More 
recently, Laherrere (2009) also modelled exploitation curves for several countries/regions.  
 
Hubbert curve of USA Hubbert curve of Norway 
 
Figure 2.42: Examples of Hubbert curves for the USA and Norway  
Source: Foucher (2007) 
Laherrere (2000) stated that the accuracy of the results is fair when the past data have not been 
significantly disturbed by economic or political factors. The results are usually good when the 
production cycle is after the peak and no more cycles of discoveries are expected. However, when a 
country is still starting its production, then the model will not give a precise result, except when the EUR 
is already well known. Other factors that can damage the estimation are a poor database of past data, 
and high uncertainty of oil reserves. Laherrere (2000) also applied the Hubbert model to explain the 
population growth in the USA and worldwide, and the results show that the Hubbert curve fits better 
than the Gauss curve, which has been traditionally used. The integration of the Hubbert curve into agro-
ecological zonings is described in Chapter 3 (Methodology). 
  








The methodology developed as part of this PhD research comprises two main modelling approaches: 
the Global Calculator Land Use Change (GCLUC) model, and the green-Hubbert (gH) model. The GCLUC 
model aims at assessing the global dynamics of land and bioenergy limits against food consumption, 
crop and livestock yields, forestry, land use integration and the use of agricultural residues and food 
wastes, as well as potential contributions to negative emissions through BECCS and biochar. Therefore, 
all the results from this model are presented on a global scale.  
The green-Hubbert model, in contrast, focuses on cases in which land for bioenergy expansion is 
artificially constrained by a legal enforcement or regulation based on agro-ecological zonings. It aims at 
assessing bioenergy limits and expansion rate against land use potentials determined by zoning 
schemes, which can be implemented in a certain country or region. The only country with an agro-
ecological zoning for biofuels on a national level to date is Brazil, which was taken as a reference for 
testing the gH model.    
3.1 The Global Calculator Land Use Change (GCLUC) model 
The Global Calculator Land Use Change (GCLUC) model was co-developed with the 
Land/Food/Bioenergy module of the DECC & Climate-KIC Global Calculator. The Global Calculator 
Project presents a novel methodological approach for modelling both carbon and land use dynamics on 
a global scale for the following sectors: Transport; Manufacturing; Electricity; Land, Bioenergy and Food 
(“Land/Bio/Food”); and Buildings. It also considers climate change impacts, different rates of population 
growth and urbanisation, and scenarios for the inclusion of developing Greenhouse Gas Removals (GGR) 
technologies, which are still rather speculative to date. All sectors and variables are interconnected in a 
dynamic model, like a network, and allows users to generate a large number of GHG emission reduction 
trajectories online. In addition, all calculations are estimated on a per capita basis and hence 2050 
pathways can vary according to different scenarios of population growth, under the three main UN 




(2011) population growth scenarios. The medium scenario of population growth (9.3 billion people by 
2050) is set as default. 
Modelling the Land/Bio/Food Sector resulted in the Global Calculator Land Use Change (GCLUC) model, 
which was led by the author in straight collaboration with his colleagues40. The following Section 3.1.1 
describes how the GCLUC model was structured and calibrated. It reflects the latest updates made of 
the spreadsheet version V3.99.2. This spreadsheet was used to prepare the final version of the global 
calculator webtool (V23), which was preliminary launched at COP20 of the UNFCCC in Lima in December 
2014 and with official launch scheduled for January 2015 at the Royal Society in London. As an 
international open tool, the Global Calculator may be subject to future periodical updates, and, 
therefore, the GCLUC results here presented reflect its version publically released and duly peer 
reviewed until the publication of this thesis in the Imperial College system. Both the spreadsheet and 
webtool are in the public domain and already available online.41 Therefore, more detailed descriptions 
about the calculations and assumptions taken can be found on the spreadsheet, particularly in the 
worksheets ‘G.60 (data)’ (level options and parameters) and ‘G.60’ (calculations and results).  
3.1.1. Description of land/bio/food methodology 
The approach employed in the land/bio/food module of the Global Calculator applies a mathematical 
model for balancing the necessary expansion in the production of food crops, livestock, biofuels and 
other bio-based products with resources conservation. It allows users to simulate a number of 
trajectories of land use change and its associated greenhouse gas emissions, according to different 
demands for land-dependent products and services by 2050. Users can then develop their preferred 
pathways to 2050 by varying the weight of a selected set of parameters (‘levers’) according to their GHG 
mitigation objectives (‘levels’ 1 to 4, with several intermediate levels, and increasing levels of ambition). 
These include:  
 food calories consumed per person per day; 
 meat consumed per person per day, which is split into meat calories and meat types; 
 crop yields; 
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University of Oxford). For more information about the Global Calculator Project, the main institutions and the working groups 
involved, see Appendix 2: Global Calculator Project. 
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 livestock yields, which include changes in feed conversion ratio, the share of feedlot systems, 
and animal density in pasture systems; 
 bioenergy yields; 
 bioenergy types, i.e., solid biomass and biofuels (biogas was modelled as a fixed estimate); 
 surplus land for forest and/or energy crops; 
 wastes and residues; and  
 land use efficiency (or land use integration), i.e., multi-cropping effects and integrated farming 
schemes, such as agro-forestry and agro-livestock systems. 
The model also considers several additional variables for the calculations, including the use of fertilisers, 
agricultural losses, GHG emission factors, feed conversion ratios, the proportion of animals raised in 
intensive production systems (feedlots), animal density (i.e., concentration of animals in grazing 
systems) and limiting factors for land distribution. A number of additional levers for assessing such 
complex issues could potentially improve the accuracy of the results obtained. However, it was 
important to use a restricted number of levers, given the complexity involved in other sectors of the 
Global Calculator, which also requires several levers and sub-levers. Thus, an excessive number of levers 
would result in a calculator too detailed and difficult to manage by non-experts. 
The accuracy of each trajectory is limited by the availability of and uncertainty associated with data for 
global scale estimates and the restricted number of input parameters in the calculator, given the high 
complexity and uncertainty of all these levers. The model draws on several data sources, primarily FAO, 
IEA and IPCC statistics, and representative international references on land use modelling, for the 
purpose of providing not only a robust and credible methodology but also a simple and user-friendly 
calculator for the lay user. 
The Global Calculator is presented as a webtool, and was built on a database generated by a C language 
programme (Ruby) from a comprehensive model in MS Excel format. The model has several input 
parameters and variables, which are used for estimating future land use distributions, as well as the 
associated CO2, N2O and CH4 emissions. Land use change is determined by a hierarchy of land use types. 
Priority is given to food production (croplands and pasturelands), and the remaining land area is 
allocated to forestation, natural regeneration, and/or energy crops. Figure 3.1 presents the driver tree 
of the Land/Bio/Food methodology. 





Figure 3.1: Driver tree for land, food and bioenergy in the global calculator model 
Source: Global Calculator Project (Strapasson et al., 2014c)   
Thus, with the global calculator it is possible to simulate a large number of trajectories for food, 
bioenergy and forest land by 2050, and as a result also assess the respective land use potential for 
sustainable biomass, depending on the user’s choice. The land use dynamics presented by the calculator 
includes both dLUC and iLUC, given that it is based on a global balance of several land use allocations. 
Figure 3.2 illustrates the dynamics of bioenergy, wastes and residues in the calculator. 





Figure 3.2: Dynamics of bioenergy, residues and wastes in the global calculator model 
Source: Global Calculator Project (Strapasson et al., 2014c) 
Another possible representation of the bioenergy flows can be done using networks. Figure 3.3 shows a 
graph scheme, prepared using the software Gephi 0.8.2 Beta. Nodes acting as sources emit edges in 
their respective colours. It is possible to notice that bioenergy is clearly a central element connecting 
several complex issues, which also have sub-networks associated to them all. 
 
Figure 3.3: Graph representation of bioenergy flows in the GCUC Model 
Source: Prepared by the author, based on the Global Calculator Project 
The following sections (Sections 3.1.1.1 to 3.1.1.10) provide a brief description of the key ‘levers’ and 
definition of “Levels” adopted in the Land/Bio/Food module of the Global Calculator tool for modelling 




land use change, bioenergy, forestry, and food supply and demand. These are further refined through 
several underlying sub-levers and fixed parameters, which are used to improve the accuracy of this 
module and its integration with other sectors. All the equations and calculations are available in the 
Global Calculator spreadsheet. However, the fundamental steps of the methodology are also presented 
and explained. The definitions and estimates of all levels were discussed with several stakeholders in 
two workshops42 carried out at Imperial College: one on Land/Bio/Food issues; and the other on 
Greenhouse Gas Removals (GGR). Some numbers were recalibrated accordingly after these 
stakeholders’ consultations.  
3.1.1.1. Calories consumed 
This lever models the land demand for food production, along with the ‘meat consumed’ lever and some 
efficiency parameters. The user of the GCLUC model determines the level of food consumption, instead 
of using a food-price elasticity model. Thus, in the GCLUC model, food consumption is artificially set as a 
pure inelastic situation, against the assumptions used in classical approaches (Ewers et al., 2009; Rudel 
et al., 2009; Villoria et al., 2013). Actual time series from FAO (2014) on calorie consumption were used 
for estimating future trajectories according to assumptions adopted in the calculator. In 2011, the global 
average calorie consumption was 2,180 kcal/capita/day (excluding 24% food losses in energy terms, as 
suggested by Lipinski et al. (2013)), with extremes of obesity and undernourishment worldwide in terms 
of dietary energy intakes.  
Levels 1 to 4 of the ‘Calories Consumed’ lever (Figure 3.4):  
 Level 1: global average calorie consumption increases from 2,180 kcal/person/day to the 
current European level, i.e., 2,520 kcal/person/day, by 2050. This represents and extreme 
scenario, where the entire world would reach European levels of food consumption with high 
risks of obesity, diabetes and cardiovascular problems. More land would have to be allocated to 
agricultural production. 
 Level 2: global average calorie consumption increases from 2,180 kcal/capita/day in 2011 to 
approximately 2,330 kcal/capita/day by 2050, which is similar to the UN's Food and Agricultural 
Organisation forecast (FAO, 2012) (adjusted to exclude food losses). In this trajectory, there will 
be still a significant increase of food consumption globally, but the current trend would be 
slightly reduced by population and consumption peaks in some countries. 
 Level 3: calories consumed would remain the same globally in the coming decades, i.e., 2,180 
kcal/capita/day with no significant changes from 2011 to 2050. 
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 Level 4: global average calorie consumption reduces slightly from 2,180 kcal/person/day in 2011 
to 2,100 kcal/person/day by 2050, which is the target for a healthy diet (2,200 kcal/person/day 
for men, and 2,000 kcal/person/day for women). However, this scenario may also see a 
redistribution of calorie intakes, where some developing countries could increase food 
consumption (e.g., by reducing poverty), whilst some developed countries could reduce their 
consumption (by tackling obesity issues). Overall, this is an extreme target, given that values 
below this global average would result in more cases of undernourishment. 
 
Figure 3.4: World food consumption (all food types), with GCLUC future pathways in the Global Calculator  
Note: Data from 1980-2011 adapted from FAO (2014) 
3.1.1.2. Meat consumption (meat calories and types) 
This lever is aimed at obtaining input values for the future demand for meat to estimate the necessary 
land area (direct and indirect) for livestock production. There are significant differences in meat types 
(e.g., beef, mutton, goats, poultry, pork and fish) in terms of production systems, feed conversion ratios 
(FCR) and the necessary land for producing the respective meat type. The proportion of meat types by 
2050 also varies according to the level selection. This lever also includes the consumption of milk and 
eggs. The current global average meat consumption is 187 kcal of meat/capita/day (excluding meat 
losses, 19% in energy terms, based on Lipinski et al. (2013)), but growing income in developing countries 
tends to stimulate an increase in meat consumption. FAO (2012) forecasts a total increase in global 
meat consumption of approximately 88% by 2050. Besides, a higher consumption of meat from 
ruminant animals (cows, sheep and goats) is usually associated with higher GHG emissions than 
monogastric animals (pigs and chickens). The main source of data used for estimating each level was 
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Levels 1 to 4 of the ‘Quantity of meat’ lever (Figure 3.5):  
 Level 1: very high consumption of meat with an increase from 187 kcal/person/day in 2011 to 
281 kcal/person/day by 2050. This level assumes the total meat consumption per person in 
Europe in 2011 as a global target for 2050. This represents a very risky pathway, given that a 
significant amount of land would be necessary to meet this extreme demand for meat. 
 Level 2: the current global average meat consumption of 187 kcal/person/day would increase 
up to approximately 220 kcal/person/day by 2050, as projected by FAO (2012) excluding losses, 
as a global trend. Developing countries are likely to keep increasing their per capita meat 
consumption, particularly China.  
 Level 3: WHO (2008) recommended meat consumption of 90 g meat/day (152 kcal/person/day) 
for a healthy diet by 2050. The meat consumption in weight terms was adjusted for energy unit 
(1.0 g meat = 1.7 kcal, weighted average for the different meat types) and converted to effective 
meat intake (19% waste in energy terms).  
 Level 4: extremely low global average meat consumption of 14 kcal/person/day by 2050, which 
reflects India’s 2011 average meat consumption. This lever considers vegetarian diets and meat 
alternatives (e.g., soy meat substitutes, yeast-based meat and potential stem cell-based 
technologies). It represents an extreme situation and assumes an unprecedented change in 
dietary preferences worldwide. It is very unlikely to occur, even more on such a scale, but it 
would be technically possible as an extreme situation. 
 
Figure 3.5: World meat consumption (all meat types), with GCLUC future pathways in the Global Calculator 
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Levels 1 to 4 of the ‘Type of meat’ lever:  
 Level 1: very high consumption of meat from ruminant animals from 22% in 2011 to 28% in 
2050. This level represents the current share of meat types in Canada, and may require a 
substantial amount of land to meet this extreme demand for beef, mutton and goat meat. 
 Level 2: the current global mix of meat (22% ruminants and 78% monogastrics) would change 
towards a higher consumption of meat from ruminant animals, from 22% in 2011 to 25% by 
2050, as projected by FAO (2012).  
 Level 3: the current share of meat types would stay constant by 2050, i.e., 22% meat from 
ruminants, and 78% meat from monogastrics.  
 Level 4: substantial decrease in the consumption of meat from ruminant animals worldwide 
(from 22% in 2011 to 10% in 2050). This new global mix of meat types would be similar to the 
current mix in China.   
3.1.1.3. Crop yields 
This lever affects the need for land resources for producing food, i.e., the greater the productivity, the 
smaller the area necessary for producing a certain amount of food, such as grains, fruits and vegetables. 
It is sensible to predict crop yield potentials, particularly because of the complexity regarding 
biotechnology, future use of water and fertilisers, and potentially positive or negative impacts of climate 
change. Positive impacts assume temperature increases in temperate regions and CO2 effects on 
photosynthesis yields, whereas negative effects include severe changes in precipitation, particularly a 
potential increase of drought seasons in some regions, which may affect the global agricultural 
productivity.  
The main references used for estimating crop yields in each level of effort were the FAO (2012) 
statistics, which predicts, for example, that they may increase about 1.3% a year until 2030 and then 
0.8% a year by 2050 globally. Therefore, the current situation shows that crop yields tend to 
substantially increase, particularly in most of the developing countries where there is a significant 









Levels 1to 4 of the ‘Crop yields’ lever: 
 Level 1: severe crop productivity decrease against the current global trend (FAO, 2012), 
resulting in no net increase in crop yields by 2050, potentially due to negative impacts of climate 
change on agriculture or scarcity of key resources, e.g., water and fertilisers (estimated based on 
IPCC (2014a), and experts consultation43). 
 Level 2: moderate crop yield growth of approximately 40% by 2050 (linearly), as suggested by 
the UN's Food and Agriculture Organisation (FAO, 2012) as a likely trend (assuming grains as a 
reference). 
 Level 3: Global yields increase by approximately 60% by 2050 (linearly). This increase represents 
a linear extrapolation of past yield growths, taking grains as a reference (Grassini et al., 2013). 
This level assumes a significant contribution from improved crop varieties, more irrigation, 
higher use of fertilisers, improved farm management, technology transfer and capacity 
development programmes to reduce the yield gap and low levels of adverse climate change 
impacts on agricultural productivity.  
 Level 4: extreme yield growth of 100% by 2050 (linearly). This ambitious level of effort assumes 
a substantial increase globally in the use of mechanisation, irrigation, fertilisers, biotechnology, 
a high increase in photosynthetic efficiencies, technology transfer, and potentially positive 
climate change impacts on crop productivity. 
3.1.1.4. Livestock yields (FCR, pasture animal density, and feedlot) 
The production of meat to meet future demand poses a major challenge for land use change. The land 
necessary for meat production is estimated based on the basis of dietary preferences, which provide the 
amount of meat needed for the projected consumption, and the livestock yield growth. Thus, with 
substantial livestock yield increase, a smaller area would be used for livestock production and a larger 
area would be available for other purposes, e.g., the production of grains, forest or bioenergy crops. 
There is a trend towards a gradual annual increase in livestock yields worldwide, particularly because of 
a significant yield gap in developing countries and the prevalence of extensive production systems. FAO 
(2012), for instance, estimates an annual livestock production growth of about 1.4% by 2030 and 0.9% 
from 2030 to 2050, as shown in Section 2.2.3 (Chapter 2).  
However, livestock yields cannot be grouped in a single yield growth, given the high complexity 
involved. For example, cattle produced on pasture systems are very different from chickens produced 
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under feedlot, and therefore it is not appropriate to compare the number of animals per hectare in 
these two situations. Thus, it is important to split the yields into different parameters, in order to 
increase the accuracy of the proposed pathways. The main issues involved are as below.  
Feed Conversion Ratio (FCR) 
FCR represents the conversion efficiency of meat, i.e., the amount of feed intake (e.g., grain, grass) that 
is effectively converted into edible meat. FCRs vary according to the type of animal, age, lifetime, region, 
genetics, production system and feed quality. Approximate FCRs per type of animal and their potential 
increases were estimated from several references (FAO, 2006a; Galloway et al., 2007; Best, 2011; 
Wirsenius, 2000; Searchinger et al., 2013) and experts’ consultation.  
Feedlot systems (intensification of animals) 
This means the proportion of animals raised in intensive livestock systems, i.e., feedlot, including 
confined and semi-confined schemes, representing an approximate average. From this proportion it is 
possible to estimate the pasture and crop land (for feed grain production) necessary for the production 
of meat, using data adapted from FAO (2006a, 2012). 
Animal density 
This represents the potential increase in the number of ruminant animals (e.g., cows, sheep and goats) 
per unit of area in grazing systems (pasturelands), i.e., the concentration of animals. The current 
concentration rate may increase up to 80% by 2050, depending on the level of mitigation. There is a 
trend for a gradual annual increase in livestock yields worldwide, particularly due to a significant yield 
gap in developing countries and the prevalence of extensive production systems. Currently, the global 
average stocking density for cattle is about 0.7 cows/ha and approximately 3 sheep/ha, respectively 
(FAO, 2014). For methodological reasons in the global calculator, everything is factored in energy terms 
in order to keep the whole energy balance consistent throughout all estimates, according to the first law 
of thermodynamics. FAO (2014) presents numbers of meat production in energy terms, and total 
pasture area, and hence it is possible to have a kcal of meat/hectare which can be extrapolated for 








Levels 1 to 4 of the ‘Livestock (grain/residues fed)’ lever: 
 Level 1: no feedlot systems (0% of ruminant animals reared in confined systems by 2050 vs. 2-
4% in 2011). FCR would have a low increase (5% by 2050), changing as follows: cows, sheep and 
goats from 5.0% to 5.3%, chicken and other poultry from 24.4% to 25.2%, and pigs from 27.1% 
to 28.4%, respectively from 2011 to 2050.   
 Level 2: no increase in feedlot systems by 2050, i.e., the current share would stay constant (6% 
of cattle in confined/semi-confined systems in 2011, and 1% for sheep and goats). Moderate 
increase in FCR (10% by 2050): cows, sheep and goats from 5.0% to 5.5%, chicken and other 
poultry from 24.4% to 26.4%, and pigs from 27.1% to 29.7%, from 2011 to 2050, respectively.   
 Level 3: moderate increase in feedlot systems from 6% in 2011 to 15% in 2050 for cattle, and 
from 1% in 2011 to 5% in 2050 for sheep and goats. High increase in FCR (20% for ruminant 
animals and 15% for monogastric animals, both by 2050), as following described: cows, sheep 
and goats from 5.0% to 6.0%, chicken and other poultry from 24.4% to 27.6%, and pigs from 
27.1% to 31.1%, from 2011 to 2050, respectively. 
 Level 4: high increase in feedlot systems from 6% in 2011 to 30% in 2050 for cattle and from 1% 
in 2011 to 10% in 2050 for sheep and goats. Very high increase in FCR (40% for ruminant animals 
and 20% for monogastric animals, both by 2050), as following described: cows, sheep and goats 
from 5.0% to 7.0%, chicken and other poultry from 24.4% to 28.8%, and pigs from 27.1% to 
32.4%, from 2011 to 2050, respectively. 
Levels 1 to 4 of the ‘Livestock (pasture fed)’ lever: 
• Level 1: low increase of livestock yields with a 10% increase in concentration of grass-fed 
livestock (animal density) by 2050. Low increase of FCR, from 2% in 2011 to 5% in 2050 for 
cattle, sheep and goats on pastureland. 
• Level 2: moderate increase of livestock yields with a 30% increase in concentration of grass-fed 
livestock (animal density). Moderate increase of FCR, from 2% in 2011 to 10% in 2050 for cattle, 
sheep and goats on pastureland. 
• Level 3: high increase of livestock yields with a 50% increase in animal density. High increase of 
FCR, from 2% in 2011 to 15% in 2050 for cattle, sheep and goats on pastureland. This entails also 
a higher use of conventional animal genetic improvements, improved pasture rotation 
management, technology transfer and capacity development programmes.  




• Level 4: very high increase of livestock yields with an 80% increase in concentration of grass-fed. 
Very high increase of FCR, from 2% in 2011 to 20% in 2050 for cattle, sheep and goats. This level 
would require substantial investments in biotechnology, pasture management, including strong 
technology transfer from developed to developing countries to leapfrog the learning curves to 
achieve higher levels of productivity. 
3.1.1.5. Bioenergy yields 
Bioenergy yields are affected by (1) crop yield (2) energy content of the crops, and (3) technological 
advances. Yields of food crops used as bioenergy feedstocks (e.g., wheat, maize, sugarcane, oilseed 
rape, etc.) were assumed to be the same as in the ‘crop yields’ lever. However, it is expected that by 
2050, a significant shift toward energy crops with high energy efficiency (e.g., switchgrass, elephant 
grass, sugarcane, miscanthus, eucalyptus, oil palm) will occur, particularly given the potential progress in 
the large-scale deployment of new commercial technologies such as lignocellulosic ethanol and Fischer-
Tropsch biodiesel (biomass-to-liquids). Energy crops are also usually more subject to intensification 
schemes and agronomic supervision than conventional agricultural systems. They are also subject to 
technological advances in crop breeding aiming at second-generation biofuels (e.g., genetic 
improvements for higher yields of celluloses and hemicelluloses). Industrial integration to produce 
biofuels could be expected; for example, new technological advancement on the industrial level could 
induce greater use of certain species and agronomical characteristics. The conversion efficiencies of 
bioenergy into electricity, light, heating, etc. are modelled by the end-use sectors (i.e., transport, 
buildings, manufacturing, and power generation).  
Therefore, the resulting global average for bioenergy yields is assumed to be slightly higher overall than 
that of (food) ‘Crop yields’ in the Global Calculator in terms of net primary production (NPP) of energy 
per unit of area. From Woods et al. (2014a), IEA (2013), and FAO (2014), it is possible to indirectly 
estimate that the global bioenergy area in 2011 was about 98 Mha, and that on average modern solid 
biomass produces about 6.5 odt/ha (heating value for dry-matter biomass: 18.5 GJ/t) and biofuels about 
83.3 GJ/ha, which represents 2.7 t/ha (heating values: ethanol 28.2 GJ/t, and biodiesel 39.7 GJ/t), as a 
weighted average for ethanol and biodiesel. However, these values may significantly vary according to 
the energy crop and producing country. 
 
 




 Levels 1 to 4 of the ‘bioenergy yields’ lever:  
 Level 1: low yield increase of energy production per unit of area of 20% by 2050 (approximately 
0.5% CAGR). This is below the current crop yield growth trend, and relies primarily on the use of 
crops with low energy balance (e.g., corn-based ethanol, oilseed rape-based biodiesel) for 
biofuels and on low efficiency solid biomass for power, heating and cooking.   
 Level 2: moderate increase in energy production per unit of land area of 50% by 2050 
(approximately 1.0% CAGR) with associated changes in the mix of energy crops towards a higher 
share of energy-efficient feedstocks and more efficient technologies, such as lignocellulosic 
fuels, anaerobic digestion and high-efficiency biomass boilers. 
 Level 3: high increase in energy production per unit of land area of 120% by 2050 
(approximately 2.0% CAGR) with associated substantial changes in the mix of energy crops 
towards a high share of energy-efficient feedstocks and highly efficient conversion technologies 
(including lignocellulosic bioethanol and Fischer-Tropsch biodiesel). 
 Level 4: extreme increase in energy production per unit of land area of 200% by 2050 
(approximately 3.0% CAGR) with a reliance on  highly energy-efficient feedstocks and very 
efficient conversion technologies, including advanced fuel technologies and boilers, 
biorefineries and biotechnology and state-of-the-art farm management. This level assumes that 
highly energy-efficient dedicated energy crops (e.g., sugarcane, oil palm, switchgrass, napier 
grass and miscanthus) would dominate the market.    
3.1.1.6. Bioenergy type 
The bioenergy produced globally is consumed by different sectors in two main forms: solid biomass 
(e.g., wood logs, pellets and chips) which amounts for approximately 92% (including traditional 
biomass); and liquid fuels (e.g., bioethanol and biodiesel), equivalent to about 8% of the total bioenergy 
consumption globally, as previously discussed in Section 2.3 (Chapter 2). Excluding traditional biomass, 
solid biomass currently represents approximately 60% and biofuels 40%. This lever's trajectories 
decrease the use of traditional biomass by 2050, because of environmental concerns, rural development 
and technology transfer, whereas modern bioenergy tends to increase its global proportion.  
This lever relates to the bioenergy form at the end-use level, hence solid biomass that is converted into 
liquid fuels (e.g., ligno-cellulosic process, biomass-to-liquids) is here considered as liquid. Bioenergy here 
includes only modern bioenergy which would be expanded on surplus land. Therefore, it does not 
include traditional biomass, farm residues and food wastes, which are modelled separately through the 
‘wastes and residues’ lever. The lever is used to estimate the proportion of bioenergy types for the 
future expansion of dedicated energy crops. Thus, in this specific lever, the level of effort, from 1 to 4, 




does not necessarily mean that level 4 would be a better option for reducing GHG emissions than level 
1. This is because the carbon reduction would depend on the type of displaced energy in the calculator, 
which is also an interactive process, e.g., solid biomass could displace coal, whereas biofuels could 
substitute gasoline or diesel. This lever can be alternatively described in terms of levels A to D instead of 
1 to 4. Biogas is included in 'wastes and residues' too (e.g., slurry gas and anaerobic digestion), although 
it can also be produced from the conversion of solid biomass through the gasification process.   
Levels 1 to 4 of the ‘bioenergy types (solid and liquid)’ lever: 
 Level 1: liquid biofuels are reduced from 40% in 2011 to 20% by 2050, and therefore 80% of the 
bioenergy produced would be consumed in solid form, such as wood pellets and chips. This level 
assumes that technology changes, particularly in transport (i.e., electrification), would result a 
reduction of liquid biofuels. 
 Level 2: the current share of solid and liquid bioenergy (60% solid biomass and 40% liquid 
biofuels in 2011) remains the constant until 2050. This level assumes no substantial changes in 
the current pattern of bioenergy production and consumption. 
 Level 3: increase in liquid biofuels from 40% to 60% by 2050, while solid biomass would 
decrease from 60% in 2011 to 40% in 2050. Biofuels would increase their relevance as a 
renewable energy source, mainly for the transport sector as new technologies enhance the 
competitiveness of advanced biofuels, e.g., lignocellulosic ethanol and biomass-to-liquids 
(Fischer-Tropsch).    
 Level 4: Extreme shift towards liquid biofuels from currently 40% to 80% in 2050, while solid 
biomass decreases its share from 60% to 20%, respectively. Liquid biofuel would be mainly used 
in the transport sector, including shipping and aviation. To achieve this level of liquid biofuel 
penetration, it is expected that new technologies would substantially increase the 
competitiveness of advanced biofuels, e.g., lignocellulosic ethanol and biomass-to-liquid 
(Fischer-Tropsch). In contrast, the use of traditional biomass would substantially decrease 
worldwide. 
The bioenergy produced is then allocated to different end-uses, in accordance with different levels of 
demand that are possible to be chosen in other sectors of the global calculator; for instance, biofuels for 
the transport sector, traditional biomass for cooking, a fraction of biofuels for chemical industries, 
modern solid biomass for power and industry (with or without CCS) and so forth. Therefore, bioenergy 
estimates and allocations are provided on a dynamic basis. Algae-based biofuels are not considered in 
this lever, as they may not significantly affect land use change in agricultural lands. It is also rather 
speculative to make any projections in the current state of the art of their technologies, because the 




technological trends are still tentative, as suggested by IEA (2011a, 2011b, 2011c), although they have 
substantial potential. 
3.1.1.7. Surplus land (forest and bioenergy)  
The land use dynamics in the calculator and potential increase in land use types (e.g., agriculture, 
pasture, forestry, energy crops, and other lands) are restricted to the total land available on Earth, and 
therefore, it is necessary to have a zero-sum equation to match all land uses. It was assumed that food 
security had priority over other uses, which were then adjusted in the calculator to fill the surplus lands. 
Hence, depending on the agricultural and pasture dynamics worldwide by 2050, there may (or may not) 
be land for additional forest and energy crop expansions. Thus, this lever allows the user to decide how 
any freed up land is used. 
Current data (FAO, 2014) indicate that deforestation is likely to continue in the coming years worldwide, 
not only because of livestock and agricultural expansion, but also because of timber extraction and land 
tenure issues. However, if this trend is reversed in the coming years/decades, remaining land may 
become available, e.g., because of a reduced need for crop/pasture area. Thus, forestry and bioenergy 
could also be expanded in such land, including natural regeneration of forest and grasslands, i.e., not 
only in commercial plantations. In 2011, around 6 million ha of land were deforested, not only because 
of livestock and agricultural expansions, but also because of wood extraction and land tenure issues. If 
cropland and pasturelands expand over forest, the GCLUC model alerts the user and issues at warning 
when the deforestation surpass even the protected areas (7.7 to 13.5% of the world’s forest area, as 
previously described in Section 2.2.4 of Chapter 2). 
Bioenergy currently accounts for about 55 EJ of the world energy mix (IEA, 2014a), which includes both 
traditional and modern biomass, representing a significant renewable energy source for several nations. 
Countries like Brazil, for example, increased their sugarcane area by more than 10% a year in some years 
and simultaneously reduced the production costs of both the biomass feedstock and the biofuel (MAPA, 
2011; Pacini & Strapasson, 2012), but it is unlikely that such expansion rates will be observed on a global 
scale in the coming decades. See, for example, bioenergy projections in the Chum et al.(2011), Slade et 
al. (2011, 2014), Shah et al. (2013), van Vuuren et al. (2009).  
On the other hand, if an extreme increase of global crop/pastureland is necessary to meet potentially 
high calories and/or meat demands, there may not be any land available by 2050, either for additional 
forest area or for energy crops. Under such circumstances, even more deforestation may occur to meet 
the food security assumptions set in the calculator.  




Furthermore, the land currently classified as ‘deserts, ice covers etc.’ by FAO (2014) may include some 
marginal lands that could be used for the expansion of agriculture, livestock and energy crops. However, 
because of the uncertainties of what could be considered as potentially productive land, and rather 
speculative assumptions, they were not included in the GCLUC model as a potential expansion area for 
commercial purposes.  
Levels 1 to 4 of the ‘Surplus Land (Forest & Bioenergy)’ lever: 
 Level 1: surplus land (achieved through climate-smart dietary, yield improvement and positive 
land-use efficiency choices) is allocated to 80% forests (including natural regeneration and 
planted forests), and 20% restoration of natural grasslands. No surplus land will be used for the 
production of dedicated bioenergy crops. 
 Level 2: surplus land (achieved through climate-smart dietary, yield improvement and positive 
land-use efficiency choices) is allocated to 60% forest and restoration of natural grasslands. 40% 
of the surplus land will be used for the limited expansion of dedicated bioenergy crops. 
 Level 3: surplus land (achieved through climate-smart dietary, yield improvement and positive 
land-use efficiency choices) is allocated to 40% forest and restoration of natural grasslands and 
60% to a limited expansion of energy crops. 
 Level 4: surplus land (achieved through climate-smart dietary, yield improvement and positive 
land-use efficiency choices) is allocated 80% to a substantial expansion of dedicated energy 
crops and the remaining 20% to forest and restoration of natural grasslands.   
It is assumed that the maximum expansion rate of bioenergy would not be higher than 12 million 
hectares per year, in order to avoid an unrealistic expansion if substantial surplus land is available by 
2050, as a kind of theoretical upper limit. Such a limited rate was estimated based on the current 
bioenergy area globally (approximately 98 Mha, including solid biomass and biofuel crops), and extreme 
expansion rates of new dedicated energy crop lands that have been already observed in countries like 
Brazil  in its peak of biofuel investments (circa 12% a year). It was considered that the bioenergy sector 
would not be able to cope with rates over such a rate by 2050 for several reasons; for instance, 
limitations on the manufacture of new industrial plants, availability of seeds, new crop varieties, 
harvesters, funding, storage capacity and infrastructure, among others. This is an uncertainty of the 
model, but the maximum bioenergy potentials would meet about 300 to 400 EJ by 2050, which is also in 
line with numbers suggested by Akhurst et al. (2011b) and Chum et al. (2011) for an extreme situation.  




3.1.1.8. Land use efficiency  
This lever presents a novel concept for characterising different land use interactions in the Global 
Calculator. It was introduced to capture potential land use efficiency gains associated with agro-
livestock-forestry schemes (and any combinations of them), dual-cropping (e.g., a summer crop 
followed by a winter crop in the same year), triple-cropping (e.g., starting with a summer crop, then a 
second summer crop of short cycle, followed by a winter crop), use of climate-smart technologies (e.g., 
no tillage systems), among other similar positive interactions from land multiuse. Conversely, over-
exploitation of land resources because of inappropriate integrations and mismanagement can lead to 
land degradation. Generally, land use integration is associated with benefits for farmers.  
Ideally, these integrated management practices would be represented by a larger number of levers to 
more accurately reflect the complexity of land use change. However, given the underlying structure of 
the model, the inclusion of additional levers was not recommended, and the lack of comprehensive 
datasets may not have allowed users to obtain sufficiently robust results. Thus, to simplify this 
complexity, and account for effects of land use integration, this lever presents four levels of land use 
abatement potentials, i.e., less or more land would be necessary than calculated based on the food 
(calories & meat consumed, crop & livestock yields) and bioenergy  yields alone. In other words, it acts 
as a deflating factor, like a land bonus (or penalty), depending on the level of effort in agriculture 
maximisation selected. The descriptions and values listed below were calibrated by experts involved in 
the global calculator project and literature (FAO, 2013; Langeveld et al., 2013; Byerlee & Deininger, 
2013; Cox et al., 2009; Okorio, 2006).  
 Levels 1 to 4 of the ‘Land use efficiency’ lever: 
 Level 1: this level assumes that 10% more agricultural land would be necessary to meet the 
selected food/livestock/bioenergy production levels by 2050. It reflects mismanaged land use, 
which can cause soil degradation, soil loss or desertification, e.g. through erosion, water scarcity 
or salinisation. 
 Level 2: no land use efficiency improvements. This level assumes that the current global pattern 
of agricultural systems and practices remains stable until 2050. No further improvements or 
damages from land multi-use would be expected by 2050. 
 Level 3: 10% improvement in efficiency, i.e., 10% less agricultural land would be necessary to 
meet the selected food/livestock/bioenergy production levels by 2050. It entails an increase in 
agro-forestry-pasture synergies and best farming practices, e.g., crop rotations, dual cropping, 
co-cropping and no tillage technologies. Langeveld et al. (2013), for example, suggested ranges 




of Multiple Cropping Index (MCI) that vary between 0.53 in South Africa and 1.45 in China, and 
around 0.8 in Brazil, the USA, and the EU, as discussed in Section 2.2.5. 
 Level 4: 30% improvement in efficiency, i.e., 30% less agricultural land would be necessary to 
meet the selected food/livestock/bioenergy production levels by 2050. It entails a substantial 
increase in agro-forestry-pasture synergies and best farming practices and high uptake of 
climate-smart agriculture and integrated agricultural land use management (e.g., dual/triple 
cropping).  
3.1.1.9. Wastes and residues 
This lever involves three sub-levers: one for the amount of food wasted from production to consumer 
(post-farm waste), a second for on-farm residues, and a third for the percentage of waste and residues 
collected. Each of them has four levels of effort, which were subsequently combined into a single lever, 
‘Waste and residues’. In addition, two supporting parameters were included: waste from animals, e.g., 
manure, animal slurry, tallow, which gives the potential energy production from animal waste; and 
waste per person, which presents the energy potential from waste treatment, e.g., sewage or landfills.  
Currently, there is substantial production of wastes and residues worldwide, but collection rates remain 
low. Post-farm waste production is around 30 to 40% of total food production, eventually reaching 
landfill/dump sites (Modak, 2011; Partiff et. al., 2010; Foresight, 2011; Themelis, 2014). In contrast, on-
farm residues equate approximately 100% of the total food amount produced, as roughly estimated by 
Woods (2007). This 1:1 ratio means that, on average, for each tonne of food that leaves the farm (e.g., 
cereals, vegetables etc.), another tonne remains within the farm as straws, leaves, roots etc., as 
previously presented in Section 2.2.6.1 (Chapter 2). The on-farm residues can be partially collected, but 
potential trade-offs with soil carbon impacts are likely to occur in case of an excessive removal of 
organic materials originally left on soil. In the calculator, part of the collected wastes is also allocated for 
feeding livestock under different levels of effort and per type of animal (estimated using Galloway et al. 
(2007) and Smeets et al. (2007)), as well as for bioenergy. The collection of wastes and residues also 
includes partial collection of sewage and animal slurry for energy purposes (biogas), as a sub-lever of 
this lever, but in different proportions and magnitudes. 
 Levels 1 to 4 of the ‘Waste and residues’ lever: 
 Level 1: no increase in the collection of on-farm residues and no increase in the production of 
post-farm wastes and residues, but with a low increase in post-farm wastes and residues 
collection for energy and feed, i.e., plant-based food and meat from 1% to 5%; eggs from 0.1% 
to 0.5%; and milk from 0.1% to 0.5%, respectively, from 2011 to 2050.  




 Level 2: moderate reduction in production of waste/residues and increase in collection. The 
collection of on farm wastes/residues would change from 10% to 20%, and post-farm from 1% 
to 15% for plant-based food and meat, eggs from 0.2% to 0.5%, and milk from 0.1% to 0.5%, 
respectively from 2011 to 2050. This also assumes that the production of on-farm wastes would 
stay the same, and post-farm wastes would be slightly reduced, as follows: plant-based food 
from 24% to 20%, meat from 19% to 15%, eggs from 10% to 8% and milk from 18% to 15%.  
 Level 3: high increase in the collection of on-farm residues (from 10% in 2011 to 30% in 2050), 
accompanied by a significant reduction in the production of post-farm residues and wastes 
(plant-based food 24% to 16%; meat 19% to 10%; eggs 10% to 6%; milk 18% to 10%, 
respectively, from 2011 to 2050), as well as a significant increase in collection for energy and 
feed (plant-based food and meat from 1% to 20%; eggs from 0.2% to 5%; and milk from 0.1% to 
5%, respectively, from 2011 to 2050). No change in the production of on-farm wastes/residues 
is expected. 
 Level 4: Extreme increase in the collection of on-farm residues (from 10% in 2011 to 50% in 
2050) , accompanied by a reduction in the production of post-farm residues and wastes (plant-
based food 24% to 10%; meat 19% to 5%; eggs 10% to 5%; milk 18% to 5%, respectively, from 
2011 to 2050), as well as a moderate increase in collection for energy and feed (plant-based 
food and meat from 1% to 30%; eggs from 0.2% to 10%; and milk from 0.1% 10%, respectively, 
from 2011 to 2050). The production of on-farm wastes and residues would remain the same.  
3.1.1.10. Other methodological issues for land, bioenergy and food dynamics  
Energy calculations are based on data from energy consumption and production from food, livestock 
and bioenergy, energy conversion efficiencies, and land use distributions and also consider 
wastes/residues. The emissions are estimated from the respective emission factors from food, meat and 
bioenergy production, and the associated land use allocations, by type of greenhouse gas, based on FAO 
(2014) and IPCC (2007a, 2007b) data. Thus, it is possible to estimate the emissions by type of land and 
greenhouse gas.  
The gases considered in the calculations are CO2 (GWP100 1), CH4 (GWP100 29), N2O (GWP100 265), which 
represent the main gases related to agriculture, forestry and other land uses (AFOLU). Regarding the 
GWPs used, IPCC (2013, see Tables 8.7 and 8.A.1 in Chapter 8) gives a range of values for the 2100-year 
metrics, as follows: CH4 28-34, and N2O 265-298. The lower values do not consider the climate-carbon 
feedbacks, whereas the upper values do. However, climate-carbon feedbacks are largely uncertain, as 
also reported by IPCC (2013). Thus, the GWP values here assume conservative numbers. They were 




proposed by the Climate Science Sector44 of the Global Calculator Project to all the other sectors, 
including Land, Food and Bioenergy.  
As regards forests, deforestation results in CO2 emissions, whereas afforestation/reforestation means 
net CO2 sequestration from the atmosphere through photosynthesis, particularly during the forest 
establishment stage. Mature forests act as carbon sinks, but they have temporal variations in terms of 
accumulating carbon over time. In the light of the discussions already presented in Literature Review 
(Chapter 2, see Section 2.2.4.1), for the purposes of the GCLUC, it was assumed that new forests, as a 
global average, accumulate carbon on a linear basis for 50 years (IPCC, 2000). In the case of 
deforestation, the carbon in vegetation above ground is assumed to be released back to the atmosphere 
within a year, given that deforested areas are often subject to burning practices, and the logs usually 
burned as traditional biomass.  
Similarly, soil carbon is assumed to accumulate linearly for up to 20 years (ECCP, 2003) when a land use 
change occurs in an area, transitioning from low to high soil carbon content. Conversely, when land use 
change causes a reduction in soil carbon, the carbon content of such variation (‘carbon delta’) is 
assumed to be immediately released (i.e., within the same year), because of rapid oxidation of the 
surplus carbon when soil is ploughed, burnt or drained for example. All the calculations were made for 1 
m depth, as previously discussed in Section 2.2.4.1. Table 3.1 summarises the soil carbon estimates use 
in the GCLUC, based on IPCC (2000) and Pan et al. (2011)).  
Table 3.1: Soil carbon in different land use types adopted in the GCLUC model 
Land use type Tonnes of C per ha 
(depth of 1m) 
Comment 
Forests  186 Assumed as a weighted average of tropical, 
temperate, boreal and savannah forests, 
adapted from IPCC (2000) and Pan et al. (2011).   
Arable land for energy crops  121 Assumed as an average between land for food 
crops and pasturelands 
Arable land for food crops  92 Adapted from IPCC (2000) 
Arable land for other types of crop  92 Assumed as land for food crops 
Natural grasslands 151 Assumed as pasturelands 
Pasturelands 151 IPCC (2000), assuming to be similar to 
temperate grasslands 
Source: Prepared by the author, adapted from IPCC (2000) and Pan et al. (2011) in accordance with the land use classification 
assumed in the GCLUC model (Kalas et al., 2014). 
With regard to bioenergy emissions, GHG inventories usually account for the bioenergy emissions 
indirectly. In theory, growing biomass capture equivalent levels of CO2, which are released back to the 
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atmosphere upon combustion. However, there are other fugitive emissions associated with this cycle (as 
discussed in  Literature Review (Chapter 2, see Section 2.3.3.4), which are indirectly accounted for in 
broad GHG assessments (i.e., also including transport, building, power and industrial sectors). Therefore, 
although some fossil fuel inputs are usually required in the bioenergy production, distribution and 
consumption chain, these are accounted for elsewhere in different sectors. This is necessary to avoid 
double counting of carbon emissions of bioenergy in lifecycle assessments. Thus, the same approach has 
been applied in the Global Calculator through the strong interconnection of levers across all sectors, i.e., 
the emissions from the bioenergy combustion are measured by different end use sectors in the 
calculator. Therefore, the calculator generates a CO2 credit from bioenergy, which is then consumed by 
different sectors, e.g., transport (liquid fuels), heating and power (buildings, manufacturing and 
electricity sectors), resulting in a low carbon alternative (not zero) when fossil options are replaced.  
Part of the bioenergy can also be allocated for GGR, e.g., for Bioenergy with Carbon Capture and Storage 
(BECCS) or biochar, in this case presenting a negative emission. Negative emissions from 
afforestation/reforestation are also considered in the calculations, as well as some speculative GGR 
technologies, e.g., biochar, ocean fertilisation, enhanced weathering (terrestrial and oceanic) and direct 
air capture. However, for the purposes of the GLUC model, GGR is presented as a merely illustrative 
approach, given the uncertainties associated with these technologies to date, but they can also be 
simulated on the Global Calculator webtool.  
The calculator also presents some speculative estimates for GGR, which were adapted from POST 
(2013). It assumes that it would be technically possible (although not necessarily feasible) to obtain the 
following carbon removals by 2050 for an extreme scenario (level 4) per type of GGR technology: 3.3 
GtCO2/year for biochar; 10.0 GtCO2/year for direct air capture; 10.0 GtCO2/year for enhanced 
weathering - oceanic; 3.7 GtCO2/year for enhanced weathering – terrestrial; 1.0 GtCO2/year for ocean 
fertilisation. All these technologies would have an energy penalty to provide such carbon reduction 
(approximately 4.5 MJ/kgCO2 removed, in terms of thermal energy). If the energy used comes from 
fossil fuels, then the carbon benefits would be reduced. The simulations presented in ‘Results and 
discussions’ (Chapter 4) do not include GGR technologies, because this is not the aim of the thesis. 
However, a brief comparative analysis between the potential carbon removals from soil carbon changes 
vs. GGR technologies is presented.    
Concerning water management, the GCLUC model does not address this issue directly, but water was 
taken into account when indirectly calibrating two levers: ‘crop yields’ and ‘land use efficiency’. In the 
crop yield lever, level 1 includes adverse effects of climate change on agriculture (e.g., changes in 
precipitation patters), and levels 2, 3 and 4 assume that it would be possible to increase the use of 




irrigation systems, among other assumptions. Likewise, in the land use efficiency lever, level 1 assumes 
that an over-exploitation of land resources would cause a reduction in the availability of land resources 
for agricultural purposes, which includes water scarcity, erosion and desertification processes.    
The calculator also presents a methodology for costs which is focused on the energy systems involved in 
the estimates, using the TIAM Model45 from the University College London (UCL). With regard to 
bioenergy costs, the CAPEX/OPEX values estimated were based on Shah et al. (2012), IEA (2012a, 2012b) 
and REN21 (2013). Furthermore, the calculator also offers a range of cost estimates according to the 
user’s choice, with high, low and midpoints, which can be useful for discussing the feasibility of different 
carbon reduction strategies. However, this thesis does not aim at providing an economic analysis, which 
nevertheless is presented on the webtool for illustrative purposes.  
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3.2. The green-Hubbert (gH) model   
The gH model is here proposed as a novel methodological approach for describing the exploitation of a 
renewable reserve over time through an S-curve and a derived logistic curve (bell curve), i.e., the land 
use change for producing bioenergy. Sugarcane is considered as reference crop for modelling, but the 
model can be applied to any crop, not only energy crops, but also food crops, pasturelands, forests and 
other types of land use potentially constrained. In this approach, the limiting factor is no longer the oil 
reserves, as in the classical Hubbert curve, but the land availability for energy crops. Hence, in order to 
estimate a green-Hubbert curve, it is necessary first to describe the new methodological model and its 
assumptions, and then to discuss what the results could indicate and the public policies which could be 
recommended for the sustainable expansion of bioenergy. 
The method assumes that land is a finite resource and its agronomical potential to produce bioenergy 
depends fundamentally on type of soil, topography, climate and latitude (solar radiation and day 
length), which results in different photoperiods (seasonality). For the timescale of this research, it has 
been considered that the Earth is a closed system and solar radiation is infinite. As a consequence, it is 
possible to consider land as a finite resource, yet one capable of exploiting the infinite (but constrained) 
solar radiation resource to produce renewable energy. 
The gH model also assumes that land use needs to be guided by public policies towards sustainable land 
use planning in order to meet the human needs for food, feed, fibre, fuel and chemical products as well 
as the delivery of ecosystem services. It is mostly applied in cases in which the expansion areas for 
bioenergy, or, more specifically biofuels, are defined through a normative approach in order to guide 
investments and avoid damaging fragile ecosystems by market pressures for example. Thus, market 
decisions would be restricted to the best land use options established through national legislation, and 
according to the sovereign decisions and priorities of each nation, as Brazil has done by means of its 
sugarcane and oil palm agro-ecological zonings.  
3.2.1. Proposed equations for the gH model 
This section follows previous explanations on the classical Hubbert model (see all equations in Section 
2.5, Chapter 2). Adapting the Hubbert approach for land use and bioenergy, i.e., the green-Hubbert 
model, means the S-curve can then be described in terms of land availability as a finite resource 
(although its use can be renewed), instead of oil. Similarly to oil depletion, the expansion of energy 
crops would tend towards the limit of suitable land availability (asymptote), reducing the rate of land 
use change (velocity) when reaching the Expected Ultimate Recovery (EUR). In the green-Hubbert 
model, the EUR is the land area determined by the agro-ecological zoning as suitable for the expansion 




of energy crops (Z), as shown in Equation 3.1. The green-Hubbert S-curve (gH) is, therefore, the land 










𝑍 . 𝐸𝑋𝑃 (𝑏(𝑡 − 𝑡𝑚))
1 + 𝐸𝑋𝑃 (𝑏(𝑡 − 𝑡𝑚))
  
gHs = green-Hubbert S-curve 
Z = land suitable for sustainable bioenergy production (Z = 2Pm) 
t = reference date (year) 
tm = date at midpoint (year) 
b = factor describing the slope of the curve 
This model could also be applied to any other energy crop, with respective crop-specific Z, tm and b 
values. However, an accurate estimate of land use potentials cannot be based only on simplistic surveys 
or general top-down land use models, given that if the input data are not reliable, then the output will 
not be, however robust the modelling behind the calculations. It is necessary to verify in loco what is 
effectively happening in the field of study, and then to integrate this information in a top-down 
approach, although it is not easy to find and estimate accurate bottom-up data. Nevertheless, in Brazil, 
the results of the national sugarcane Agro-ecological zoning give a substantial database that can be 
integrated into the green-Hubbert model. Thus, the AEZ can be used to estimate a kind of ‘sugarcane 
EUR’ (Z) for Brazil.  
The sugarcane EUR may be subject to future updates, either by incorporating new potential areas or 
excluding areas from the AEZ. Then, inputs to the model would have to be updated, too, in order to 
maintain accuracy. For example, the soil and climate maps used in this zoning were limited to the best 
scales available until its publication. The production of new varieties adapted to different soil qualities in 
the future could make it possible to explore lands not currently suitable for sugarcane under this zoning. 
Any substantial modification in this zoning would be subject to sensitive environmental debates and 
political concern, but the gH model could readily be updated for a new Z value, i.e., a new sugarcane 
EUR (or another energy crop). 
With the green-Hubbert S-curve, it is also possible to estimate the potential production of bioenergy, 
according to the estimation of the land potential (Z). Thus, the gH S-curve can be described in terms of 
productivity, too, which is determined as described in Equation 3.2.  









Pt = productivity (e.g., million odt/ha.yr) 
Pd = production, which is a function of genotype (g) and environment (e), as described in Equation 2.1 and Equation 2.8 
L = land area, which is equivalent to gHs 
To estimate the changes in land use, it is necessary to derive of gH S-curve, which results in Equation 
3.3. The peak of the green-Hubbert LUC curve represents the point at which the use of land would reach 
50% of the total suitable land established by the Agro-ecological zoning, assuming a symmetric bell 
curve. It may offer a way for policy-makers to understand the behaviour of the land use for bioenergy 
and the level of land scarcity to meet bioenergy demands. The second derivative of Equation 3.3 
describes the acceleration of this land use change (e.g., Mha/yr2), but it would result in a rather 
speculative curve, given the high uncertainties of velocity variations. 
Equation 3.3 





(1 + 𝐶𝑂𝑆𝐻(𝑏(𝑡 − 𝑡𝑚))
 
gHLUC = green-Hubbert Land Use Change curve. 
Considering that there is both a maximum rate of expansion of bioenergy crops (Mha/yr new land) and 
ultimate gross land area dedicated to bioenergy crops, the more precise the evaluation of the land 
potential (Z) is, the more accurate the green-Hubbert model will be in projecting these figures. However, 
this variable (Z) depends on a number of other variables and has to be estimated for a specified 
bioenergy crop in a specified region, otherwise the accuracy of the model will be compromised and the 
result potentially spurious. This variable has to represent not only the technical potentials in terms of 
yields, but also the territorial planning constraints resulting from the need to obtain both bioenergy and 
meet other needs (i.e., food, feed, fibre, forest, biochemical, amenity and ecosystem services. 
Therefore, the AEZ acts as a bottom-up input to support the green-Hubbert model.  
 
  





Results and discussion 
 
This chapter presents some results of the Global Calculator Land Use Change model in order to discuss 
the limits of bioenergy. This model can generate a very large number of results from the combination of 
all lever’s levels, and therefore only a selection of results is here presented, but the reader is 
encouraged to simulate other emissions pathways using the Global Calculator webtool.46 The results of 
the green-Hubbert model are presented, and the Brazilian sugarcane agro-ecological zoning is used as a 
case study for testing the model. The results of both models are provided, followed by discussions and 
reflections on sustainable bioenergy futures.  
4.1. Results from GCLUC model on a global scale 
The GCLUC simulations here presented are consistent with the global calculator’s spreadsheet version 
3.63.0. Each simulation presents different levels of effort (i.e., levels 1 to 4, with intermediate levels 
whenever necessary) for all the GCLUC levers, as previously described in Methodology (Chapter 3). All 
simulations assume a medium population growth, as forecast by the UN (2013), whereby the global 
population should increase from approximately 7 billion in 2011 to 9.6 billion in 2050. However, 
emission pathways for either lower or higher UN population scenarios can also be modelled online, 
given that all calculations are provided on a per capita basis. Moreover, note that soil carbon 
accumulation from LUC and carbon sequestration from new forests are subject to temporal adjustments 
for a gradual change. There is also an annual limit on the expansion of energy crops (12 Mha/year) in 
order to avoid unrealistic peaks of expansion over time, as described in Section 3.1.1.7 (Chapter 3).  
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4.1.1. GCLUC simulation for a high emission scenario  
This simulation presents choices for the land/bio/food levers that would be tentatively aligned to the 
concept of IEA 6oC Scenario (6DS),47 which is a kind of business-as-usual (BaU) simulation, i.e., without a 
robust international policy effort to cope with climate change, in which the global mean surface 
temperature (GMST) would rise at least 6oC by 2050 (50% probability). To model it, all levers from other 
sectors (i.e., buildings, transport, manufacturing, and power generation) were set in the calculator as an 
equivalent energy scenario to IEA6DS, and the levers associated with the GCLUC model were estimated 
analogously (Table 4.1), given that the IEA does not model land use. In this pessimist scenario, the 
land/bio/food sector worsens global warming. The global population keeps increasing per capita food 
consumption, including higher meat consumption, as it is more likely to occur in a business-as-usual 
scenario with low mitigation efforts. The results show that there will be no net surplus land by 2050, 
with marginal changes in the use of residues for bioenergy purposes. Hence, primary bioenergy 
production would have just a gradual and low increase, from 54 EJ in 2010 to 65 EJ in 2050 (Figure 4.1). 
In contrast, total primary energy supply would increase from 543 EJ in 2010 to 904 EJ in 2050, and 
therefore bioenergy would decrease its share in the global energy mix from approximately 10% in 2010 
to 7.2% in 2050. .  




Figure 4.1: Global bioenergy production (GCLUC for a high 
emission scenario) 
Calories consumed  2.0 
Quantity of meat 2.0 
Type of meat 2.0 
Crop yields 1.7 
Livestock (grains/residues fed) 2.0 
Livestock (pasture fed) 3.0 
Bioenergy yields 3.0 
Bioenergy type (solid and liquid) 1.5 
Land use efficiency 2.5 
Surplus land (forestry and bioenergy) 2.0 
Wastes and residues 1.5 
  
In this context, increases in agricultural yields, particularly in the livestock sector, would not be sufficient 
to avoid a substantial net deforestation by 2050 (Figure 4.2), although it would temporarily reduce by 
2025. Bioenergy growth would come almost exclusively from higher bioenergy yields and the use of 
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wastes and residues, i.e., not causing deforestation. There would be almost no land expansion for 
dedicated energy crops by 2050 (Figure 4.3), because of the need to produce food instead. 
 
Figure 4.2: World forest change (GCLUC for a high emission 
scenario) 
 
Figure 4.3: Global land for energy crops (GCLUC for a 
high emission scenario) 
Forest area would have a net deforestation of approximately 588 Mha from 2011 to 2050. The net 
deforestation by 2050 would be caused mainly by the expansion of croplands, commercial forests and 
pasturelands. Settlements and infrastructure would have a 50% increase from 2011 (245 Mha) to 2050 
(368 Mha), but still representing a relatively small area on the globe (1.9% in 2011 to 2.2% in 2050). 
Figure 4.4 shows changes for all land use types by 2050 on a global scale according to the GCLUC for the 
IEA 6oC Scenario. 
 
Figure 4.4: Total land use in the world (GCLUC for a high emission scenario) 
As shown in Table 4.2, the GCLUC for IEA6DS also estimates total emissions from deforestation, as well 
as the agricultural emissions of CH4 and N2O (including food and non-food crops), livestock for CH4 and 












2011 2015 2020 2025 2030 2035 2040 2045 2050


















2011 2015 2020 2025 2030 2035 2040 2045 2050
M ha / year 
Desert, ice, etc.
Settlements and infrastructure




Land for non-food crops
Land for food crops
Land for animals




Uses (AFOLU) sector would increase approximately 109% by 2050, led by deforestation emissions. 
Changes in soil carbon are highly uncertain, but with the available database (IPCC, 2000; Pan et al., 
2011) it is possible to estimate that soil carbon stocks would have a substantial reduction overall, 
releasing approximately 4.2 GtCO2eq/year back to the atmosphere in 2050. Thus, the total emissions 
(AFOLU + soil carbon changes) would increase 131% by 2050. Such emissions would be caused by the 
necessary land use changes to meet global food supply, particularly by the expansion of productive 
lands over forest, which overall has higher soil carbon content than croplands or pasturelands. As 
discussed in Sections 2.2.4.1 (Chapter 2) and 3.1.1.10 (Chapter 3), the release of soil carbon when 
ploughing a high soil carbon land is relatively rapid, yet, if a forest area is latterly recovered, it takes 
decades (assumed as 20 years in the GCLUC model) to rebalance the soil carbon amount naturally.  
Table 4.2: Global GHG emissions from AFOLU (GCLUC simulation for a high emission scenario), in million tonnes  
Source GHG 2011 2015 2020 2025 2030 2035 2040 2045 2050 
Forest CO2 3,740 4,675 4,630 2,219 3,154 6,635 9,593 6,993 11,039 
Agriculture CH4 26 26 26 26 27 27 27 27 28 
 
N2O 4 4 4 4 4 4 4 4 4 
 
CO2eq 1,819 1,811 1,838 1,857 1,874 1,893 1,915 1,926 1,945 
Livestock CH4 110 117 125 134 143 154 166 178 192 
 
N2O 3 3 4 4 4 4 5 5 5 
 
CO2eq 3,995 4,251 4,564 4,877 5,215 5,599 6,037 6,478 6,985 
Total AFOLU CO2eq 9,554 10,736 11,032 8,953 10,243 14,127 17,545 15,397 19,969 
Changes in Soil Carbon CO2eq 909 569 1,485 2,204 2,909 3,747 4,124 3,958 4,157 
AFOLU + Changes in Soil Carbon CO2eq 10,463 11,305 12,517 11,157 13,152 17,874 21,669 19,355 24,126 
Please note that the estimates presented for 2011 (base year) in Table 4.2 were also calculated in the 
GCLUC model, but using a bottom-up approach with disaggregated data on GHG emissions from FAO 
(2014). The total values here presented for the base year are relatively consistent with figures presented 
by IPCC (2014b, 2014c) and Tubiello et al. (2015 – forecast, in press) as well. 
 
 




4.1.2. GCLUC simulation for a high mitigation scenario in the 
land/bio/food sector  
Similarly to the previous simulation, the proposal here is to model an emissions pathway for 
Land/Bio/Food that would be analogous to the IEA 2oC scenario (IEA2DS),48 which assumes significant 
changes in global policies to achieve no more than a 2oC (50% probability) of rise in the GMST by 2050. 
All other sectors would remain as in IEA6DS to ensure a high bioenergy demand in this simulation. Table 
4.3 shows the GCLUC choices for this simulation. Compared with the GCLUC for IEA6DS, the emissions 
pathway of the GLUC for IEA2DS would result in a substantial amount of bioenergy from the expansion 
of energy crops over surplus land. Technically, it would be possible to supply approximately165 EJ of 
bioenergy by 2050 (Figure 4.5). This result, obtained from a bottom up simulation of the GCLUC model, 
is relatively consistent with the IEA forecast (roughly 160 EJ in 2050) presented in its Technology 
Roadmap Report (IEA, 2012a, p. 21). Total primary energy supply would increase from 543 EJ in 2010 to 
895 EJ (BaU) in 2050. It means that bioenergy would become even more relevant in the global energy 
mix in the coming decades, increasing its share from 10% to 18%, in the period to 2050.    
Table 4.3: GCLUC model for a high mitigation scenario 
Lever Level  
 
Figure 4.5: Global bioenergy production (GCLUC for a high 
mitigation scenario) 
 
Calories consumed  2.0 
Quantity of meat 2.0 
Type of meat 2.0 
Crop yields 3.0 
Livestock (grains/residues fed) 3.0 
Livestock (pasture fed) 3.0 
Bioenergy yields 3.0 
Bioenergy type (solid and liquid) 2.0 
Land use efficiency 3.0 
Surplus land (forestry and bioenergy)* 2.5 
Wastes and residues 3.0 
* Adapted from the IEA6DS and IEA4DS pathways in the Global 
Calculator 
In this chosen emissions pathway, the current deforestation rate would be reversed by 2020, resulting in 
substantial afforestation/reforestation by 2050, accounting for 279 Mha cumulatively (Figure 4.6). 
Simultaneously, the area for dedicated energy crops would significantly expand, reaching approximately 
388 Mha by 2050 (Figure 4.7), which is equivalent to approximately 3% of the global land surface, which 
                                                          
48
 The IEA (2014) states that ‘the 2°C Scenario (2DS) describes an energy system consistent with an emissions trajectory that recent climate 
science research indicates would give an 80% chance of limiting average global temperature increase to 2°C. It sets the target of cutting energy-
related CO2 emissions by more than half in 2050 (compared with 2009) and ensuring that they continue to fall thereafter. Importantly, the 2DS 
acknowledges that transforming the energy sector is vital, but not the sole solution: the goal can only be achieved provided that CO2 and GHG 
































































is equivalent to 40% of the USA, 46% of Brazil or 13% of the African continent. It means that bioenergy 
could play a major role in reducing carbon emissions, if a major effort attempt to increase both crop and 
livestock yields is implemented worldwide.  
 
Figure 4.6: World forest change (GCLUC for a high 
mitigation scenario) 
 
Figure 4.7: Global land for energy crops (GCLUC for a 
high mitigation scenario) 
 
In this simulation, the current world land use pattern would be subject to major changes by 2050 (Figure 
4.8). Given the projected increase in livestock yields, it would be possible to free up a substantial 
amount of land for other purposes, particularly forest expansion, natural regeneration, and energy 
crops. Therefore, improvements in the livestock sector, especially through investments in technology 
transfer and capacity development in poor countries, would be essential for a more equitable balance of 
land uses worldwide, avoiding over-competition between land use types.  
 
Figure 4.8: Total land use in the world (GCLUC for a high mitigation scenario) 
Consequently, net greenhouse gas emissions from AFOLU would decrease by approximately 39% from 
2011 to 2050 (Table 4.4), particularly because of the afforestation/reforestation process, which would 
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livestock would keep increasing until 2050, given that meat production would have to increase to keep 
up with the chosen food consumption, even though this means lower emissions per unit of meat. 
Diversely, the consequential changes in soil carbon from the associated LUC here modelled would result 
in substantial net GHG reductions, approximately 1.7 GtCO2eq/year by 2050. Hence, the overall net GHG 
emissions (AFOLU + soil carbon changes) would significantly decline about 61% in this period.  
Table 4.4: Global GHG emissions from AFOLU (GCLUC for a high mitigation scenario), in million tonnes 
Source GHG 2011 2015 2020 2025 2030 2035 2040 2045 2050 
Forest CO2 3,740 4,675 -489 -898 -1,272 -1,581 -1,842 -2,132 -2,369 
Agriculture CH4 26 26 25 26 26 26 25 25 25 
 
N2O 4 4 4 4 4 4 4 4 4 
 
CO2eq 1,818 1,808 1,787 1,796 1,800 1,792 1,774 1,761 1,741 
Livestock CH4 110 117 124 131 138 147 156 166 177 
 
N2O 3 3 3 4 4 4 4 5 5 
 
CO2eq 3,993 4,249 4,509 4,764 5,036 5,348 5,700 6,048 6,451 
Total AFOLU CO2eq 9,552 10,732 5,807 5,662 5,563 5,558 5,632 5,677 5,823 
Changes in Soil Carbon CO2eq 909 569 -44 -432 -804 -1,138 -2,027 -1,769 -1,729 
AFOLU + Changes in Soil Carbon CO2eq 10,461 11,301 5,763 5,230 4,759 4,420 3,605 3,908 4,094 
 
Note that the bioenergy produced would also reduce GHG emissions in other sectors (i.e., power 
generation, manufacturing, transport and buildings) by displacing fossil fuels, and potentially also 
through BECCS. Figure 4.9 shows a sensitivity analysis for the use of surplus land, simulating the total 
emissions estimated by the GCLUC model for IEA2DS. This graphic simulation was prepared by firstly 
setting the ‘surplus land’ lever as level 1, and then shifting it to level 4, whilst keeping the same 
calibration in all other levers, i.e., IEA2DS for Land/Bio/Food Sector and IEA6DS for the others. The top 
business-as-usual curve represents the IEA6DS simulation (high emissions scenario) for all sectors.. The 
result shows that the expansion of dedicated energy crops on surplus lands, instead of only forests and 
natural grasslands, would have a similar benefit in the short term; however, in the long term much 
lower global emission would be possible to obtain by expanding energy crops as well. Total GHG savings 
by using energy crops would account for approximately 7.4 GtCO2eq/year by 2050. The GHG reductions 
from producing bioenergy from wastes and residues are accounted in all curves.  
 





Figure 4.9: Bioenergy sensitivity analysis for GHG emissions provided by the GCLUC model for a high mitigation scenario in 
the land/bio/food sector (with and without bioenergy) against BaU for all sectors 
Note: historical data from 1990 to 2010 from IPCC (2013) 
The difference between the two mitigation curves (i.e., with or without the expansion of energy crops 
on surplus lands) is because new forests saturate their net accumulation of soil carbon in about 20 years 
and of the above ground carbon in approximately 50 years (Section 3.1.1.10). In contrast, bioenergy also 
displaces fossil fuels in the consumption end, and its crop yield stays increasing by 2050. The graphic 
(Figure 4.9) does not reflect the many other possible trade-offs between the expansion of forests and 
grasslands vs. dedicated energy crops on freed up lands, such as, biodiversity protection, changes in 
albedo and evapotranspiration, water balance, creation of jobs, interaction with other agricultural 
activities, local income, tax revenues, inter alia. 
In addition, the carbon accumulation depends on the type of forest and energy crops, and this 
simulation is based upon global averages of available figures, which have many uncertainties. For 
example, assuming the expansion of only high-efficient energy crops on surplus lands, these results 
would be even better to bioenergy (in GHG terms), because of the consequential fossil fuel 
displacement. Conversely, forests have the risk to be newly deforested against all the efforts, releasing 
all their sequestered carbon back to the atmosphere. Thus, the expansion of forest ‘and’ bioenergy 
would be a more beneficial case, because of the many benefits of both. Forests can help recover native 
ecosystems and rebalance the Earth system as a whole, whereas bioenergy can promote agricultural 

























GCLUC simulation for business as usual in all sectors, no surplus land for forest and bioenergy expansions
GCLUC simulation for business as usual, but with high mitigation in the land/bio/food sector and the expansion of only
forests and natural grasslands on surplus lands
GCLUC simulation for business as usual, but with high mitigation in the land/bio/food sector and the expansion of
dedicated energy crops, forests and natural grasslands on surplus lands




4.1.3.  GCLUC simulation for an extreme mitigation scenario in the 
land/bio/food sector  
The last GCLUC simulation here shown is for an extreme mitigation scenario, as an illustration of what it 
would be technically possible to achieve in terms of reducing global GHG emissions related to land use. 
Hence, as shown in Table 4.5, all Land/Bio/Food levers’ levels were set as 4.0 (i.e., the maximum effort 
needed to reduce carbon emissions), except meat consumption, which is level 3.0 (WHO 
recommendation of 90g of meat/person/day). Level 4.0 for meat consumption is equivalent to the 
current per capita meat consumption in India (presented for illustrative purposes only), which is 
considered to be an unrealistic target as a world average by 2050. However, even the WHO 
recommendation would be an extreme target, because of the current trend towards increasing (instead 
of decreasing) meat consumption globally (FAO, 2012). The levers’ levels from other sectors (power, 
manufacturing, transport, buildings) were set as IEA6DS equivalents which means a high energy demand 
and the need for renewable options such as bioenergy.  
Thus, this simulation results in a substantial amount of surplus land, which would primarily be allocated 
for energy crops, producing approximately 360 EJ of bioenergy Figure 4.10. It represents, therefore, a 
technical upper limit for bioenergy for the 2050 horizon, based on the GCLUC assumptions. In this 
simulation, the total primary energy supply would increase from around 543 EJ in 2010 to 886 EJ in 
2050, and therefore bioenergy would increase its proportion in the global energy mix from 10% to 41% 
in the same period, which is an extremely significant growth. To have such a high share in the world 
energy mix would represent a major paradigm shift in the international energy and agricultural policies. 
Table 4.5: GCLUC Model for an extreme mitigation scenario  
Lever Level 
 
Figure 4.10: Global bioenergy production (GCLUC for an 
extreme mitigation scenario) 
Calories consumed  4.0 
Quantity meat 3.0 
Type of meat 4.0 
Crop yields 4.0 
Livestock (grains/residues fed)  4.0 
Livestock (pasture) 4.0 
Bioenergy yields 4.0 
Bioenergy form (solid and liquid) 4.0 
Land use efficiency 4.0 
Surplus land (forestry and bioenergy) 4.0 
































































In addition to the bioenergy growth, it would be possible not only to halt deforestation in the coming 
years but also to obtain a substantial afforestation/forestation by 2050 (Figure 4.11). Land for energy 
crops would reach around 566 Mha in 2050 worldwide, which is about 4.3% of the total world land 
surface (Figure 4.12). This area is equivalent to 59% of the USA, 66% of Brazil or 19% of the African 
continent, which is a very substantial land allocation for energy purposes. 
 




Figure 4.12: Global land for energy crops (GCLUC for an 
extreme mitigation scenario) 
 
As shown in Figure 4.13, this extreme effort to reduce carbon emissions in the land/bio/food sector 
would result in an unprecedented change in global land use, at least in such a timeframe, while still 
meeting food security. The amount of surplus land would be so high that the expansion of energy crops 
would occupy just a fraction (approximately 15%) of such land availability (given the maximum limit for 
the annual expansion of energy crops), and the remaining land is allocated to the natural regeneration 
of forests and natural grasslands. Therefore, in terms of land availability this extreme production of 
bioenergy (360 EJ) could be technically possible even under less extreme circumstances (e.g., just a 
moderate reduction of meat consumption, followed by a significant increase in livestock/crop/bioenergy 
yields), although it is very unlikely to occur. Nevertheless, this simulation serves to show the theoretical 
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Figure 4.13: Total land use change in the world (GCLUC for an extreme mitigation scenario) 
Thus, with a combination of low meat consumption and high crop/livestock/bioenergy yields, it would 
be possible to reduce the net GHG emissions in an unprecedented way for all land use types, i.e., 
agriculture, livestock and forest (Table 4.6). An extreme effort from the Land/Bio/Food sector to tackle 
climate change could result in a substantial carbon reduction in AFOLU. Afforestation could provide a 
major contribution for GHG removals, 12.6 GtCO2eq/year by 2050 of net negative emissions. 
Additionally, carbon removals from soil carbon changes because of land use dynamics would provide 
11.6 GtCO2eq/year of negative emissions by 2050. AFOLU including changes in soil carbon would provide 
around 20.4 GtCO2eq/year of negative emissions by 2050, which is superior to any speculative GGR 
technology potential suggested by POST (2013) for the same period, as described in Sections 2.3.2.1 
(Chapter 2) and 3.1.1.10 (Chapter 3). Biochar, for example, is estimated to be able to provide up to 
approximately 3.3 GtCO2eq/year by 2050 in extreme scenarios, and not accounting for the energy 
penalty, even though it could be used to complement such carbon removals provided by land use 
dynamics.  
Table 4.6: Global GHG emissions from AFOLU (GCLUC for an extreme mitigation scenario), in million tonnes 
Source GHG 2011 2015 2020 2025 2030 2035 2040 2045 2050 
Forest CO2 3,740 4,675 -3,007 -5,587 -7,711 -9,444 -10,818 -11,843 -12,630 
Agriculture CH4 26 26 24 23 22 21 20 19 19 
 
N2O 4 4 4 4 3 3 3 3 3 
 
CO2eq 1,818 1,808 1,720 1,614 1,526 1,455 1,403 1,360 1,331 
Livestock CH4 110 117 113 108 102 94 86 77 67 
 
N2O 3 3 3 3 3 3 2 2 2 
 
CO2eq 3,993 4,249 4,115 3,939 3717 3,442 3,125 2,806 2,447 
Total AFOLU CO2eq 9,552 10,732 2,827 -34 -2,469 -4,548 -6,290 -7,677 -8,851 
Changes in Soil Carbon CO2eq 909 569 -4,197 -8,415 -11,871 -14,698 -17,528 -14,474 -11,605 
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Therefore, by approaching not only the supply-side of the land/bio/food sector, but also food demand 
and type of diet, it is possible to obtain a large reduction of GHG emissions globally. This is an extreme 
simulation, but important to show up the magnitude of these potentials. In a different assessment of 
AFOLU potentials using alternative parameters, Smith et al. (2013) suggested that demand-side 
measures could represent between 1.5 and 15.6 GtCO2eq/year, whereas the supply-side measures 
between 1.5 and 4.3 GtCO2eq/year, without jeopardising food security. These two measures combined 
could reach approximately 20 GtCO2eq/year of mitigation potential. These authors also estimated that 
the GHG reduction potential by concomitantly tackling different areas (e.g., diet change, agricultural 
yield growth, feeding efficiency and waste reduction) and assuming the implementation of efforts to use 
spare land for either bioenergy or forest, and increasing C on farmland, the overall mitigation potential 
would range from 6.1 to 28.5 GtCO2eq/year. These figures are relatively consistent with the results here 
obtained.  
In addition to the substantial reductions provided by AFOLU and soil carbon changes in the GCLUC 
model, the bioenergy produced could also reduce fossil dependency and provide a substantial reduction 
in the global GHG emissions in other sectors, as likewise estimated in Section 4.1.2. Figure 4.14 presents 
a comparative analysis of different GCLUC emission pathways. The calculator simulates that the 
business-as-usual (BaU) emission pathway (i.e., IEA6DS for all sectors, with no bioenergy increase by 
2050) would reach approximately 84.4 GtCO2eq/year in 2050. However, if the global emissions keep this 
trend, but extreme mitigation effort in the land/bio/food sector is provided, then it would be possible to 
reduce global GHG emissions to approximately 20.5 GtCO2eq/year in 2050 (i.e., against BaU for all 
sectors, including land/food/bio), although still without increasing bioenergy production. A greater 
reduction would be obtained by also increasing bioenergy production in this extreme effort, in which 
total emissions would be then approximately 9.3 GtCO2eq/year in 2050. Thus, in this sensitivity analysis, 
bioenergy could reduce by approximately 11.2 GtCO2eq/year by 2050 the global GHG emissions as a 
theoretical upper limit (13% of the total projected emissions under a BaU scenario for all sectors), 
although the many uncertainties associated with this type of sensitivity analysis, as also highlighted in 
Section 4.1.2.  
 





Figure 4.14: Bioenergy sensitivity analysis for GHG emissions provided by the GCLUC model for an extreme mitigation 
scenario in the land/bio/food sector (with and without bioenergy) against BaU for all sectors  
Note: historical data from 1990 to 2010 from IPCC (2013) 
Under this extreme mitigation effort in the land/bio/food sector, including the expansion of energy 
crops on surplus lands, it would be possible to reduce global GHG emissions from 48.0 GtCO2eq/year in 
2010 to approximately 9.3 GtCO2eq/year in 2050 (81% reduction) by only tackling the Land/Bio/Food 
sector and keeping the others under business-as-usual (IEA6DS). More positive results could be obtained 
by combining these potential gains with measures to reduce carbon emissions in other sectors (e.g., by 
increasing energy efficiency, wind power, solar energy, hydropower, etc.). As discussed in the previous 
simulation (Section 4.1.2), the mitigation benefits of expanding energy crops on surplus lands vs only 
forests and natural grasslands are more visible in the long term, because new forests are also very 
beneficial for sequestering carbon until reaching a canopy mature stage and soil carbon equilibrium. In 
addition, it will take time to lever the current average energy efficiency of energy crops on a global 
scale, and therefore to anticipate the use of highly efficient species is important to improve the global 



























GCLUC simulation for business as usual in all sectors, no surplus land for forest and bioenergy expansions
GCLUC simulation for business as usual, but with extreme mitigation in the land/bio/food sector and the expansion of
only forests and natural grasslands on surplus lands
GCLUC simulation for business as usual, but with extreme mitigation in the land/bio/food sector and the expansion of
dedicated energy crops, forests and natural grasslands on surplus lands




4.2. Results from the green-Hubbert Model for Brazil  
The green-Hubbert model is an integration of a top-down approach (a theoretical adaptation of the 
classical Hubbert curve) with a bottom-up approach (practical Agro-ecological zoning for bioenergy 
expansion). Thus, it provides a useful complementary approach to the GCLUC model for assessing land 
use for bioenergy when land availability is a resource constrained by law or market regulation. To test 
the model, Brazil was taken as a case study, because of the availability of its agro-ecological zoning for 
sugarcane expansion, which is a major crop for ethanol production, and as Brazil is the world’s second-
largest biofuels producer, just behind the USA. Thus, the numbers of such zoning were consolidated as 
an input to the gH equations, as previously described in Section 3.2.1 (Chapter 3).  
The sugarcane EUR (Estimated Ultimate Recovery), which is the variable Z in the two main gH equations 
(see Equation 3.1 and Equation 3.3 also in Section 3.2.1), is assumed to be the ultimate capacity of land 
‘reserve’ for such crop expansion in Brazil, here termed as ‘Land Use Peak’ (LUP). This was formally fixed 
by the agro-ecological zoning with a robust legal framework for enforcement, as the sum of different 
suitable land types (64.7 million hectares, as a total of Al (livestock), Ag (agriculture-livestock) and Ac 
(agriculture)), as presented in Table 2.25 (Section 2.4.1.1 of Chapter 2).  
Therefore, the sugarcane EUR (here called variable Z) is the land limit for sugarcane expansion in Brazil, 
which as a result indirectly limits the capacity to produce bioenergy, too, because of several 
technological and natural constraints (e.g., photosynthesis efficiency), as discussed in Section 2.2.2.1 
(Chapter 2). It is assumed that the future demand for ethanol worldwide would exceed supply, and 
therefore all this area could be theoretically occupied. The GCLUC, for example, shows that this would 
be possible in many emission pathways. However, it is also possible simply to adjust the model to a 
lower Z value for a more conservative scenario if needed, e.g., if there is likely to be a reduction of land 
availability because of soil erosion or changes in climate. For example, the sugarcane AEZ also provides a 
moderate limit for expansion (40.3 Mha), comprising mostly pastureland (Al + Ag categories only, see 
Table 2.25, Section 2.4.1.1, Chapter 2), and excluding areas currently allocated for conventional 
agriculture (Ag category). Thus, alternative gH curves could be modelled based on this alternative Z 
value, if applicable. 
The gH S-curve depends on how the sector would theoretically increase if on a linear basis (i.e., mean 
annual expansion of sugarcane y = mx + b; “m” being the slope of the curve) in order to adjust the line to 
logistic behaviour, which is usually more consistent with actual changes in land use and other types of 
finite natural resources (e.g., oil, gas and coal). Thus, three scenarios were modelled with different 




trends for long-term expansion rates (Table 4.7), to show a range of sugarcane expansion, instead of a 
single curve, as shown in Figure 4.15 (gH S-curves).   
Table 4.7: Main parameters used for modelling the green-Hubbert simulation curves 
gH curve Z (EUR) Year 1 Tmax (year) m c b Half expansion 
(year) 
Annual trend 
Upper curve 64.7 Mha 1975 2080 0.6390 52.53184 0.09518 2028 6.5% (1) 
Medium curve 64.7 Mha 1975 2112 0.487616 68.29139 0.073216 2043 5.0% (2) 
Low curve 64.7 Mha 1975 2203 0.29257 113.81898 0.043929 2089 3.0% (3) 
(1) Based on a historical high expansion rate, which was observed (on average) in Brazil during the boom of investments since the use of flex-fuel 
vehicles in 2003. 
(2) Estimated from a historical mean expansion rate observed in Brazil from 1975 to date, with “ups-and-downs” of the sugarcane sector. 
(3) Based on a low expansion rate which is consistent with periods of low investments in new sugarcane fields in Brazil since 1975 (the start of 
the Pro-Alcohol Programme). 
 
 
Figure 4.15: green-Hubbert land use curves for the expansion of sugarcane in Brazil 
The proposed upper and lower curves cover the actual expansion of sugarcane area (historical data from 
IBGE) to date, which is best fitted by the medium gH land use curve. On the other hand, changes in 
energy policy and potential pressures from other land uses motivated by high food prices (e.g., soybean, 
cereals, fruits and livestock) may reduce the assumed LU peak to a lower value. It is also possible that in 
very long term (e.g., post 2050) new energy technologies may become viable (e.g., fusion energy), 
affecting the bioenergy expansion worldwide.  
As discussed in Section 3.2.1 (Chapter 3), to assess the land use change (LUC) from the land expansion 
shown in Figure 4.15, it is necessary to derive the obtained curves over time. Thus, Figure 4.16 shows 
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Figure 4.16: green-Hubbert land use change curves for the expansion of sugarcane in Brazil 
In contrast to the gH S-curve, which has fitted the historical data with a reasonable correlation so far, 
the gH land use change curves show that the historical variations between sugarcane crop seasons have 
been subject to high (and random) volatility to date. Such volatility reflects how uncertain the changes 
are between crop seasons; they can vary for numerous reasons, such as crop shortfall because of 
unfavourable climate conditions, pests or plant diseases; competition with other crops (e.g., soybean, 
maize, cotton); changes in biofuel mandates; market interventions; and political instability. Another 
reason is the typical volatility of annual/semi-perennial crops, which are more vulnerable to short-time 
variations than permanent crops (e.g., LUC for eucalyptus or pine).  
In fact, these historical annual variations in Brazil also reflect the abrupt changes in the three main 
periods of its sugarcane sector: 1975-90 (boom of the ethanol programme); 1990-2003 (liberalisation of 
the ethanol market and crisis in the sugarcane sector); 2003 to date (resumption of the ethanol 
programme, supported by flex-fuel vehicles and growing concerns about climate change risks). Hence, 
the ethanol programme basically collapsed in the 1990s, but the sugarcane sector was helped by its 
growing sugar exports in the same decade. 
Market interference was also identified by Laherrere (2000) as a major threat to the accuracy of the 
classical Hubbert curve as well. In the case of oil, the accuracy of the EUR is possibly much lower than 
the sugarcane EUR (i.e., the AEZ), given that in the latter case the estimates are based on duly assessed 
and categorised land and the expansion of such energy crop is regulated through a comprehensive legal 
framework. Thus, considering that the land expansion tends to saturate at some point (as shown in the 
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changes in period averages, particularly looking at more recent decades and avoiding interferences from 
the Pro-Alcohol formal period (1975-1990), which had strong governmental interventions. To test this, 
the historical data were converted into moving average of points of a 12-year period49, starting from 
2003, as a simulation for assessing historical data more consistently (Figure 4.17).  
 
Figure 4.17: green-Hubbert land use change curves for the expansion of sugarcane in Brazil, 
with historical moving average data (12 years) 
The exponential trend line for the 12-year moving average reflects the annual variations spread over the 
long term. It shows that the variations tend to gain momentum over time. This momentum may reach a 
maximum (here termed ‘Land Use Change Peak’ (LUCP)) and then reduce the velocity until the land is no 
longer available for further expansion, although not necessarily presenting a symmetric bell curve, and 
possibly having periods of market crisis. Therefore, if ethanol becomes a commodity with an abundant 
global demand, and sugarcane remains the most efficient bioenergy crop in the long run, then there is a 
possibility that the sugarcane sector may have a LUC peak in a long-term moving average perspective. 
This peak may also vary if the total land availability for this energy crop is reduced by market, legal or 
environmental reasons, including competitive uses with other crops and livestock. In this case, new gH 
curves should be generated.  
  
                                                          
49 This is equivalent to two full cycles of sugarcane plantation, i.e., six years for renovation, as common in the 1970s, 1980s, 1990s and even 
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4.3. Sustainable bioenergy strategies  
The GCLUC model and the green-Hubbert curves show dynamic limits for bioenergy over time, which 
depend on our current choices regarding land use change and constraints. Understanding the limits of 
bioenergy means to it is possible to address some key issues for stimulating sustainable bioenergy 
expansion. By the way of illustration, some discussions, the following sections contains adapted extracts 
from independent report recently co-authored by the author of this thesis for the Global Environmental 
Facility (GEF), which is currently in press (Woods et al., 2014), as well as  a book chapter (Strapasson et 
al., 2012) described in Appendix 1.  
4.3.1. Fundamental issues in supporting sustainable bioenergy  
International funding institutions, such as GEF, World Bank, JICA, IFAD, BNDES, USAID, AfDB, could play 
a major role promoting sustainable bioenergy programmes via, for example, Official Development 
Assistance (ODA) loans and direct funding assistance. Table 4.8 presents some suggestions for strategic 
themes that could be better addressed by such institutions.  
Table 4.8: Strategic themes for supporting sustainable biofuel projects. 
Strategic themes Description 
Mapping schemes  Support the preparation and implementation of agro-ecological zoning(s) in national and regional 
levels in order to guide bioenergy expansion in harmony with sustainable intensification of 
agriculture and nature conservation objectives. Mapping tools can help the sustainable expansion 
of bioenergy by avoiding deforestation and/or competition with food production when guiding 
further public policies involving financing, environmental licences and new tax system schemes 
(Strapassson et al., 2012). 
Energy crops Promote investment in projects with highly efficient crops with agronomic technologies already 
available. Sugarcane-based ethanol and palm-based biodiesel are examples, but in some market 
niches other crops are also viable, such as dedicated energy crops (vegetative grasses and short 
and long rotation forestry crops as well as crop residues and by-products). 
Regional Centres of Excellence Create new research centres for bioenergy, or improve existing centres of excellence, in selected 
developing countries in order to promote applied research related to the production of new crop 
varieties, agricultural stewardship, waste utilisation (e.g., plant breeding, biomass decomposition, 
vinasse, molasses, crop residues and animal fats), integrated industrial process, among other key 
areas. Such centres of excellence will also act as hubs for private sector investment. 
Capacity development Promote capacity-building programmes for farmers and policy makers and technology transfer and 
extension support schemes. The viability of bioenergy production depends to a large extent on the 
scale of application. Therefore, in order to protect, support and integrate smallholders into a 
medium/large-scale biofuel production systems or bio-refinery scheme, it is recommended to 
involve and mobilise them through collective schemes, such as farmers’ cooperatives and 
associations. The creation of a ‘cooperative culture’ depends on capacity-development 
programmes, regulations, financial support (e.g., access to credit) and/or incentives and supportive 
contracts, which should be implemented in loco and include issues regarding cooperatives’ 
establishment, structures and management. 
Policy guidance Support the development of science-based bioenergy policies such as the preparation of reports, 
guidelines and training programmes that may contribute to the elaboration of legal frameworks, 
sustainability monitoring against agreed standards, market regulation, financing, tax system, 
mapping tools, stock management, blending schemes, logistic, and infrastructure. Many countries 
want to start bioenergy programmes but have no support in terms of preparing strategic 
overarching policies to ensure stable and transparent rules for investors and for the benefit of 
society. This could avoid repeating problems already resolved by countries with longer experiences 
of biofuels (e.g., Brazil, the USA, Germany, France, Argentina), which could share their expertise 
with other countries. 




As presented in Section 2.3.3.7 (Chapter 2), there are currently many initiatives worldwide which are 
addressing the sustainable bioenergy agenda. See, for example, the voluntary standards and norms 
developed by the Global Bioenergy Partnership (GBEP), the Roundtable on Sustainable Biomaterials 
(RSB), the ‘Guidelines for Sustainable Liquid Biofuel Production in Developing Countries’ (UNEP et al., 
2013), and other supply chain or region-specific standards. Funding agencies should also support biofuel 
projects in the light of national biofuel policies in the respective recipient countries. Ideally, 
environmental requirements should be gradual in order to encourage investments. Otherwise, an 
overregulation of the market may discourage investment, given that biofuels are still an infant market 
compared with the oil sector. 
Given the concerns about bioenergy, in practice, supporting bioenergy projects can be rather confusing 
for funding institutions. In order to facilitate the assessment of a certain bioenergy project by a non-
expert in this field, some basic steps could be established by, for example, a funding institution, as 
described in the flowchart below (Figure 4.18). 
 
Figure 4.18: Basic steps for assessing a bioenergy project for funding 
In addition, there are critical national-level capabilities that the funding agencies could support to 
underpin successful bioenergy projects. Developing countries, apart from Brazil and Argentina which 
have much expertise biofuel production, urgently require investment in national-level structuring and 
strategic evaluation capacity for enhanced food production in ways that would be synergistic with 
bioenergy production. Therefore, structural and strategic projects for bioenergy programmes are critical 
to its sustainable expansion in developing countries, where most of the potential land availability is 
located. 
In fact, no single metric or indicator can be used in isolation to assess the sustainability of biological 
production systems. However, some minimum criteria can be applied to support bioenergy projects. For 
instance, in the case of biofuels, any support should be assessed against the following principles (GEF, 
2007; STAP, 2012): 1) ensuring significant levels of GHG mitigation; 2) minimising the risk of negative 
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positive environmental, social and economic impacts when enlightened management procedures are 
adopted. 
As presented in the GCLUC and green-Hubbert models, bioenergy expansion should never supersede 
food security and forest conservation. Conversely, bioenergy should help to provide food security and 
environmental services. For example, biofuels projects can contribute towards land rehabilitation, 
infrastructure investment, and sustainable development for local communities, as well as being used as 
a tool to manage food stocks and therefore volatility in domestic food prices. Investments in new biofuel 
supply chains usually contribute to general support infrastructure improvements and to local energy 
access and safe food storage. Perhaps counter intuitively, the Brazilian biofuel programme has led to the 
deployment of systems that have integrated production of different crops, and valorised residues, often 
for electricity production, stimulating new local investment in food crops and production, i.e., although 
large-scale biofuel production systems are widely believed to be competitive in terms of food 
production, in practice the opposite can occur.  
Nevertheless, the associated intensification of 
agricultural (and forestry) production systems 
through the implementation of biofuel 
programmes can have negative environmental 
consequences that need careful management, but 
are surmountable (Figure 4.19). Hence, some key 
safeguards should be established and put in place 
before investment in any biofuel project, as shown 
in Table 4.9. Once these safeguards are established 
projects should be assessed against economic and 






Figure 4.19: Main environmental effects of bioenergy 
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Table 4.9: Safeguards for demonstrably sustainable biofuel projects 
Main effects Assumptions 
GHG emissions and 
environmental protection 
 Energy crops should demonstrate the ability to produce biofuels with a full lifecycle GHG reduction 
threshold, preferably of more than 50% emissions reductions compared with reference fossil fuels, 
also under LCA. 
 Biofuels expansion should not occur in protected areas or native ecosystems, except under 
sustainable management schemes duly monitored. 
 Large-scale biofuels plants should be implemented only after a comprehensive Environmental Impact 
Assessment (EIA), which includes water footprint and impact on quality. Strategic Environmental 
Assessment (SEA) can also help to drive investments in a sustainable way (MMA, 2002). 
Food security and energy 
balance 
 In food insecure countries, biofuel projects should demonstrate no risks to local food security by 
assessing and mitigating impacts on local food production and access to food (Lynd & Woods, 2011) 
Energy security  Projects should demonstrate increased local provision and access to energy services and have a 
significant positive energy balance (EROI). High-productivity crops and efficient conversion systems 
can minimise the land area necessary for biofuel production per energy unit delivered. 
Social impacts  Proposals should ensure that the biofuel project will not cause negative impacts on local 
communities and that instead it will enhance local land tenure, avoid competition for local food 
production and enhance energy service provision particularly for cooking.  
 The project proposals should implement stakeholder consultations in order to avoid potential 
conflicts of interest. 
4.3.2.  Final remarks on zoning schemes 
Agro-ecological zonings should be the basic platform for developing bioenergy programmes. As 
discussed in Strapasson et al. (2012), there is global concern about energy supply because of the need to 
strengthen energy security and reduce environmental impacts related to its production and use, 
especially regarding greenhouse gas emissions. Within this context, biofuels represent new and modern 
uses of agricultural biomass for energy purposes. Investments in both biomass power plants and liquid 
biofuels have grown rapidly in several parts of the world. Thus, biofuels represent a growing market for 
agriculture which creates socio-economic benefits by increasing the number of jobs and income in rural 
areas. They can be an important channel for overall agricultural modernisation with all the implications 
it entails. However, biofuels also present concerns, especially regarding two dimensions: the 
environmental risks associated with uncontrolled expansion of arable land, and the negative impact of 
food prices upon low-income populations (Vieira, 2004). AEZ can be combined with spatial information 
on food security and food prices to the extent that data are available in order to better assess their 
relation to biofuel expansion.  
In the light of the recent Brazilian experience on the sugarcane AEZ, it is possible to state that the 
identification of the most appropriate areas to grow different crops is an essential way to increase 
productivity and avoid inappropriate allocation of lands, even without any additional investment in 
technology or new inputs. On the other hand, the productivity gap between agriculture in developed 
countries and developing countries is substantial. The main reason for this gap is the difficulties faced by 
developing countries in accessing technology and information. Tools such as AEZ can be useful for 




bridging this gap. The identification of the best areas and appropriate sowing dates are the first step to 
increasing efficiency in agriculture (Strapasson et al., 2012).  
In fact, any programme designed to produce biofuels and replace fossil fuels implemented on a global 
scale would cause positive or negative impacts on traditional agricultural markets, albeit in different 
magnitudes. In some countries, for example, the replacement of 10% of fossil fuels by biofuels would 
require the occupation of the whole agricultural area for feedstock production. However, this is not the 
case for several tropical countries, especially in Latin America and Africa. The AEZ can be used with 
geographical data on socio-economic conditions to target biofuels where they are most needed to 
support development. Biofuels can even be used as an important instrument for promoting economic 
development, creating jobs and avoiding an exodus to urban areas. Furthermore, for several developing 
countries, which are oil importers, biofuels can be an important way of strengthening energy security. In 
this case, the positive impacts can spread throughout the economy (Strapasson et al., 2012).  
  






This thesis presents a unique framework to understanding the limits of bioenergy by using a novel 
methodological approach based on two pioneering models, the Global Calculator Land Use Change 
model (GCLUC) and the green-Hubbert model (gH). The main objectives of this thesis were to develop, 
deploy, test and prove the viability of a robust methodology to explore land use dynamics and 
constraints at global and regional scales in the context of bioenergy. To this end, first a comprehensive 
literature review was undertaken (Chapter 2), which analysed a large number of references on multi-
disciplinary issues and modelling approaches, including food security, agricultural production, forest 
conservation, bioenergy, land use management, system dynamics and networks. This review served to 
develop a better understanding and appreciation of the current state of knowledge about the 
complexities involved in land use dynamics and constraints for bioenergy production and use 
worldwide. Subsequently, the methodological approach (Chapter 3) based on complex systems 
modelling (GCLUC and gH) was developed and employed to test the hypothesis of this thesis, beyond 
the existing literature. The results of this effort were then discussed in Chapter 4. Finally, this Chapter 5 
summarises the key findings of this work and concludes with recommendations for future research.  
5.1. Key findings 
The single most important outcome of this thesis is that:  
There are certainly limits to bioenergy and these limits are dynamic over time 
The key message here is ‘change for bioenergy’. Scientific rationale and social and political rationality 
are about you and the world we want to live. To blame bioenergy as a single entity and without properly 
understanding its complexity may be a good strategy to promote a higher consumption of fossil fuels 
and increase global warming. The results here obtained clearly show that the sustainable production of 
bioenergy is not only possible, but also desirable to tackle climate change and improve energy security 
worldwide. At the same time, the expansion of bioenergy also presents some risks, which need to be 
responsibly addressed. 
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The original hypothesis stated that ‘there are fundamental limits to the overall scale and rate of the 
sustainable expansion of bioenergy, which can be assessed using combinations of empirical data, 
mapping tools and complex systems models’. This was duly proven by applying the integrated models 
proposed here along with agro-ecological zoning schemes and actual data sets from reputable sources. 
Thus, it was shown that the proposed methodology can provide a large number of meaningful results, 
and act as a strategic vision tool. The main messages and findings obtained from selected modelling 
simulations are following described.  
I) Bioenergy potentials should be assessed using dynamic models and integrated approaches 
The complexity of bioenergy is associated with a large number of variables, which can change in time 
and space. By testing the GCLUC model (Chapter 4), it was shown that the limits of bioenergy can range 
from a marginal increase in bioenergy supply, from 54 EJ in 2010 to 65 EJ in 2050 (including traditional 
biomass), or instead to around 360 EJ/year in 2050, as a theoretical upper limit, with an area equivalent 
to 566 Mha for dedicated energy crops. This extreme bioenergy potential would be equivalent to 41% of 
the total primary energy supply by 2050 (886 EJ/year, under business as usual) through outstanding 
mitigation efforts in the land/bio/food sector. Thus, a number between these two extremes is more 
likely to occur and depends on climate change mitigation ambitions, supporting policies and 
investments. For example, in a high mitigation simulation, similar to the IEA2DS, the amount of 
bioenergy produced would reach approximately 165 EJ/year by 2050 on 388 Mha of land used for 
dedicated energy crops, meeting around 18% of the total primary energy supply forecast by 2050 (895 
EJ/year, under business as usual). If other sectors (transport, power generation, manufacture and 
buildings) also reduce their growing energy demand, particularly from fossil fuels, bioenergy could be 
even more representative in the global energy mix. IRENA (2014), for example, envisages that bioenergy 
could account for 20% of the total primary energy supply by 2030. 
In addition, these models show that it is not scientifically robust to estimate global iLUC factors 
accurately, because land use changes are subject to complex agricultural dynamics and potential 
changes in lifestyle. Besides that, each bioenergy project has its own characteristics and local conditions, 
and consequently any attempt to generalise bioenergy under deterministic approaches is usually 
misguided. In other words, simplistic approaches often lead to wrong answers. Even IPCC (2014c, p. 95), 
in its recent attempt to assess global iLUC factors, stated that they are ‘highly uncertain, unobservable, 
unverifiable, and dependant on assumed policy, economic contexts, and inputs used in the model’.  
In fact, the complex-systems models proposed here also present uncertainties and limitations for some 
types of analysis. They are useful for discussing policy strategies in a broad sense, by showing a number 
of possible pathways concerning the balanced use of land resources. However, they also require 
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supplementary in loco assessments for more detailed estimates and business decisions, as well as 
comparative analyses with other integrated bioenergy models. Hence, GCLUC and gH models are very 
useful to show directions towards sustainable land use pathways, but fail to present very accurate 
estimates for a certain specific scenario, although this is not the purpose of these two models. 
Nonetheless, given their different assumptions and scopes they can complement each other nicely. The 
GCLUC model works as a dynamic, integrated approach, which cannot be directly applied for local 
assessments, but is invaluable for the assessment of global sustainable strategies instead. In contrast, 
the gH model is not suitable to conduct global assessments, but can help to understand regional and 
local changes in land use for the expansion of energy crops when land resources are duly assessed and 
regulated via agro-ecological zonings. 
II) Bioenergy can play a major role as a source of greenhouse gas reduction and removals  
As shown in the GCLUC simulations (Chapter 4), in an extreme situation, bioenergy could provide up to 
approximately 11 GtCO2eq/year of GHG savings by 2050. This would represent approximately 13% of 
the total projected emissions for all sectors under a business as usual scenario with no bioenergy 
increase, in the same period. This reduction could be even higher with the use of BECCS, and biochar 
integrated with bioenergy. Even for a non-extreme scenario (GCLUC for high mitigation scenario only in 
the land/bio/food sector), these emission reductions would be very significant, approximately 7 
GtCO2eq/year by 2050. Therefore, bioenergy is not an insignificant measure for reducing global GHG 
emissions, but a major source for this environmental service.   
In addition, afforestation/forestation could sequester around 13 GtCO2eq/year, and soil carbon stocks 
could take up about 12 GtCO2eq/year from the atmosphere, which is higher than the speculative 
forecasts for GGR technologies, e.g., biochar (around 3 GtCO2eq/year by 2050 as an extreme potential). 
Consequently, as an overall balance, the net GHG emissions from Agriculture, Forestry and Other Land 
Uses (AFOLU), including changes in soil carbon, could be reduced from approximately 10 GtCO2eq/year 
in 2011 to a negative emission of 20 GtCO2eq/year in 2050 in an extreme simulation.  
III) ‘Food AND Fuel’ should be the norm and not ‘Food VERSUS Fuel’  
Although it is possible to have a direct competition between food and fuel, in most cases a symbiosis is 
the norm. The possible conflicts can be avoided by sustainability policies and market regulation when 
land availability is not a limiting factor. Thus, food versus fuel is often a false dilemma, and bioenergy 
should be seen as an integral part of agricultural production rather than a competing factor. The term 
‘agro-energy’ emphasises this positive integration between agricultural and energy systems. Other 
positive integrations can be likewise explored, for example, biofuels and biochemicals. 
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Therefore, a major paradigm shift is required to understand crops as complex chemical structures with 
multiple and integrated applications, which include not only food, feed and fibre, but also bioenergy, 
biochemicals, carbon stock, among others, i.e., a large variety of bio-based products and environmental 
services. For this reason, the use of the terms ‘food crops vs. non-food crops’ is also a false dilemma, 
because, in practice, what matters is the energy efficiency of the crop and its economic feasibility, since 
land is the basic parameter, not the type of crop. For instance, the fact that jatropha is not a food crop 
does not make it better than oil palm or sugarcane from the perspective of a farmer aiming at obtaining 
the maximum return from the land resource. As shown in the thesis, NPP per unit of area is a key 
performance parameter for choosing the most suitable energy crop for a certain area, and for 
minimising LUC impacts.  
IV) Increases in productivity and changes in lifestyle can help to tackle climate change  
To meet the growing demand for food, and meat consumption in particular, it would be necessary to 
keep increasing crop and livestock yields, in order to promote bioenergy, food security and forest 
conservation. In this sense, livestock productivity is a central element for reducing land demand, mainly 
by increasing animal density in grazing systems, improving livestock management, and animal breeding. 
Therefore, designing bioenergy programmes requires promoting increases in agricultural efficiency as a 
whole, which means to identify potentials and limitations of different regions, and give appropriate 
technical support for farmers to explore these potentials through agricultural extension and technology 
outreach.  
As shown in the thesis, the current food supply just meets the demand because there are more than 800 
million people undernourished worldwide. However, the hunger problem persists not because of lack of 
food availability in the world, but because of the lack of sufficient income in poor populations to 
purchase them in adequate amounts. Therefore, producing more food without poverty alleviation 
would only add more pressure on the environment. In fact, the current world food supply would be 
sufficient to alleviate under- and malnutrition in poor countries without the need of land expansion for 
agriculture, if specially rich nations reduced, for example, their meat consumption and food wastes and 
tackled their obesity epidemic. Nonetheless, this is unlikely to occur, at least not on the required scale, 
and therefore it will be necessary to address three issues simultaneously: (i) to reduce poverty globally, 
(ii) increase agricultural productivity, while also (iii) adopting more sustainable lifestyles. 
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V) Bioenergy should never precede food security and forest conservation 
Bioenergy can be either a renewable or non-renewable energy source, depending on how and where it 
is produced and used. For example, if bioenergy leads to deforestation or poses risks to food security, it 
will never promote sustainable development. Thus, energy crops should only expand over supply-side 
residual land, rather than be driven by a bioenergy demand shock. This is an important caveat to avoid 
exceeding the carrying capacity of Earth, particularly in a world with growing food consumption and land 
scarcity. 
Most of the available models simply estimate bioenergy expansion according to energy scenarios (i.e., 
demand-driven approach), whereas the GCLUC and gH models do the opposite. In a first instance, they 
allocate land to food production and calculate the residual. Subsequently, some of this residual land is 
allocated to forest conservation (as a proxy for biodiversity). Thus, only after having met the human 
demand for food and taken into account the land requirements for forest conservation, bioenergy 
potentials that would be feasible without jeopardising food security and forest conservation are derived. 
Hence, these two models are based on the principle that food and forest should come first. However, in 
practice, this may not be necessarily the case, because there may be countries that would expand 
energy crops regardless of food security issues or forest conservation concerns globally. A random large-
scale expansion of energy crops worldwide in a scenario of growing land scarcity is a potential threat, 
but which can be mostly avoided by using landscape planning and integrated public policies (Section 
4.3). 
VI) Agro-ecological zoning should be a basic platform for sustainable bioenergy expansion 
As discussed in Section 2.4 (Chapter 2) and Section 4.3.2 (Chapter 4), agro-ecological zoning for energy 
crops can be an important tool for sustainable land use planning towards a harmonious co-production of 
food, fuel and forest conservation. However, to achieve this, policy regulation is essential, given that 
laissez-faire policies are usually not sufficient to drive investments towards a sustainable land use in a 
broad context. The maximisation of profit margins is what usually drives business investments, and this 
is not necessarily connected to major social and environmental benefits, even less on a global scale, 
which is affected by complex transboundary interactions of land use dynamics.  
As shown in the thesis, the Brazilian experience with the sugarcane and oil palm AEZ, for example, could 
be adopted and adapted by several other nations with sufficient lands available for the production of 
bioenergy, particularly in tropical regions of Latin America, Africa and Asia, which generally have 
naturally favourable conditions for the production of biomass feedstocks. Conversely, even this 
pioneering Brazilian experience could go much further, by integrating new variables in their AEZs for 
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energy crops, such as ecological corridors, integrated water resources management (IWRM), climate 
change effects on agriculture (overlaying potential impacts), and interactions with other agribusiness 
chains and small production systems. AEZ could also be downscaled for a certain region in order to 
present better results for guiding regional integrated policies of land use planning.  
There is no single recipe for producing sustainable bioenergy worldwide, but many lessons from current 
producer countries could be shared effectively with other nations. This type of cooperation could be 
multi-beneficial to these countries, by opening new markets, raising bioenergy to a global commodity 
level, and reducing GHG emissions. In spite of some international initiatives to commoditise bioenergy 
trade (e.g., Chicago Board of Trade (CBOT), BM&F Bovespa, Biomass Commodity Exchange (BCEX) and 
Port of Rotterdam), the spot market and the use of long-term contracts are still dominant, and usually 
regionalised. Thereby, to increase the international trade of bioenergy as a commodity and with a 
reliable supply, it is necessary to have more countries concomitantly supplying and demanding more 
bioenergy globally. In this regard, the AEZ schemes may help new players to promote this market on a 
sustainable basis.  
VII) Bioenergy can reshape the current energy and agricultural geo-politics 
As estimated using the GCLUC model (Chapter 4), bioenergy production could become a major source of 
energy in the global energy mix, displacing fossil fuel sources in many end uses. It may represent by 
2050 from 65 EJ/year to 360 EJ/year. Bioenergy is already part of the international energy agenda, but 
its vast potential can influence the world geo-politics, in most cases in a positive way. For example, 
bioenergy can act as a vector for rural development, increasing local income and energy security, and 
therefore contributing to a more equitable geopolitical relationship worldwide, besides mitigating global 
warming.  
Furthermore, in contrast to fossil fuels, bioenergy can be produced in almost any country, albeit on 
different scales, whereas oil, gas, coal and even shale gas reserves are often very restricted to certain 
regions/countries. Thus, comparatively, bioenergy can be considered as a “democratic” energy source, 
representing a major breakthrough towards energy access and carbon reduction worldwide. It can be 
produced under different schemes and at different scales, from cooperatives of small farmers to vertical 
business models using plantation systems. At the same time, the production of energy crops depends on 
scale, competitive costs, and capacity of regular supply to sustain it as a profitable activity in the long 
term, and hence capacity development is requirement for the promotion of sustainable bioenergy 
programmes worldwide. The thesis was not intended to cover these specific issues, but they represent 
some potential benefits that a significant bioenergy expansion simulated in the thesis could provide.  
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VIII) Land use is a relativistic concept 
Global land use can be understood as a relativistic concept. Consider, for example, a mosaic, where its 
pieces can virtually curve and transform over time, changing their size and format, and even overlap 
each other, according to their use and allocation. At the same time, the overall size of the mosaic 
remains the same. As shown in the GCLUC simulations (Chapter 4), the size of land use types (e.g., 
pasturelands, croplands, forestlands) can significantly vary over time, particularly because of changes in 
food demand patterns and productivity gains (physical and economic elasticity effects). In addition, the 
way that these different land use types match up can also change over time, not only modifying the 
current pattern of land use, but also exchanging equivalent land area (as mosaic pieces) with other 
regions and countries. For example, if the USA uses more maize as an energy crop, an equivalent land 
area, which was originally dedicated to food production, may be moved elsewhere, e.g., another 
country may increase its maize production to counter-balance the food/feed market, i.e., an iLUC effect 
(Section 2.3.1.2, Chapter 2), except if this is compensated by productivity gains (Sections 2.2.2 and 
2.2.5.2, Chapter 2). This equivalent land area (‘mosaic piece’) can have different formats or be split into 
small ones.  
The land use pieces of this global mosaic can also intersect, because of integration schemes, e.g., agro-
forestry, agro-livestock, multi-cropping effects, etc. (Section 2.2.5, Chapter 2; Section 3.1.1.8, Chapter 3; 
and Section 4.1, Chapter 4). In fact, land is a finite resource on Earth, i.e., a zero sum equation in the 
limit (first law: conservation of land) and, furthermore, land use can also be constrained by legal 
framework, as shown in the green-Hubbert model (Section 3.2, Chapter 3; Section 4.2, Chapter 4). 
However, the same area of a certain mosaic piece can be either totally or partially occupied by more 
than one piece, thereby making more space for another piece elsewhere (‘surplus land’). For example, 
using integration schemes, such as agro-forestry, agro-livestock, etc. can free up space for forests 
and/or energy crops. Empty spaces (e.g., deserts, ice caps) and damaged pieces (land degradation; 
second law: entropy as land degraded, although potentially reversible) are also part of this illustrative 
relativistic mosaic of global land use with thermodynamic principles. 
IX) Bioenergy should operate as a closed-loop system 
The carbon released from bioenergy combustion can potentially be entirely recycled in a global 
framework, assuming that new plantations will be produced to recapture the carbon emitted through 
photosynthesis elsewhere, closing the loop from ‘cradle-to-cradle’, including the energy balance, as 
shown in the literature review (Sections 2.2.2.1 and 2.2.6.3, Chapter 2), and the energy-carbon dynamics 
in the GCLUC model (Chapters 3 and 4). As discussed, entropy losses can be ‘counter-balanced’ at the 
production field level by sunlight inflow, as an external radiation source entering the atmosphere, and 
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by increases in photosynthetic efficiency for the direct conversion of sunlight into fuels and chemicals. In 
other words, solar radiation can bound and organise chemical structures in plants by generating more 
entropy elsewhere. Thus, the challenge towards a fully sustainable bioenergy system relies on reducing 
and even eliminating the use of fossil fuels in its production chain, as well as on recycling the plant 
nutrients used by the energy crops. The same rationale can also be applied to food systems to some 
extent, particularly if implementing zero-waste strategies. 
Therefore, technically, the limits of bioenergy are fundamentally dependant on land availability, 
photosynthesis constraints, the sustainable management of nutrients and water resources, and the 
nature of investments towards these ends. In addition to these environmental aspects, social and 
economic constraints should be taken into account for the sustainable development of bioenergy. 
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5.2. Recommendations for future research 
The results and discussions presented in the thesis were restricted to the thesis’ proposal and scope. 
Therefore, further research is not only required, but also necessary for a better understanding on 
complex land systems in future. This thesis represents only a small step for improving the current level 
of knowledge on the multifaceted issue of bioenergy. Thus, the author recommends and encourages 
further investigations in following research areas: 
 Assessment of uncertainties regarding land use dynamics, carbon stocks, crop yield growths, 
energy flows, integrated production systems, and changes in GMST. Significant experimental, 
random and systemic errors can lead to wrong conclusions or vague results. Managing and 
explaining uncertainties and using the appropriate significant figures in the calculations are 
fundamental for a better understanding on the impacts and limits of bioenergy. For example, the 
soil carbon dynamics from land use change on a global scale are still subject to many speculations, 
as well as the potential growth of agricultural and livestock yields in the coming decades. Also, 
lifecycle assessments of energy crops are often biased, by making decontextualized analysis, with 
cherry picking data and without clarifying the many uncertainties involved. This has been resulting 
in an overregulation of the bioenergy market in several countries, jeopardising its progress from its 
infancy, whereas fossil fuel sources usually do not receive the same rigor by policy makers.   
 Better database is needed to improve the accuracy and precision of the models, as well as the 
current level of knowledge on the interplay of land use change, food security, forest dynamics and 
bioenergy. For example, there is no robust data on the levels of traditional biomass use for energy, 
land cover, and waste management. Land use datasets are usually inconsistent, particularly for 
pasturelands, livestock yields and soil carbon globally.  
 Additional studies to improve the methodological approach proposed in this thesis, using 
complex systems and interdisciplinary assessments on the interaction between bioenergy and land 
use dynamics, should be developed to keep nurturing the international bioenergy debate with new 
scientific arguments. 
 Use of network science for assessing whole-systems models in order to identify the best pathways 
towards sustainable bioenergy production and land use dynamics. This is important to understand 
how important some variables are in an integrated system, and how they change over time using 
multiplex assessments or multi-scaling systems. This could provide complementary results to the 
conventional system dynamics approaches. 
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 Comparative analysis of fuel pollution effects on the environment. There are several studies 
currently addressing bioenergy impacts in terms of GHG emissions vs. fossil fuel options, but not 
many on its either positive or negative effects on air quality, health, and the balance of natural 
resources, including water and fertilisers.  
 Investigation of the boundaries amongst physical, social and economic sciences related to 
bioenergy and land use change, and innovation potentials. Most of the studies addressing LUC 
effects do not include social variables and economic impacts, for example, job creation, gender 
equality, tax revenues, local income and infrastructure. Therefore, further investigation in this 
direction is also encouraged.    
 Envision very long-term scenarios. How would the world be in 100 or 150 years? Which 
technologies could be foreseen that may completely change future bioenergy investments and land 
use patterns? This type of theoretical exercise is extremely important to reflect on the innovation 
pathways we should work on towards a sustainable future.  
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Appendix 1: PhD activities 
During the PhD (2010-14), I carried out several research activities at Imperial College London, which 
significantly contributed to my research experience and thesis writing. They comprised publications, 
organisation of events, paper presentations, review of scientific articles, and the creation of the Imperial 
College Brazil Forum.  
Publications 
The following publications include book chapters, scientific articles and research reports, which were all 
prepared during my PhD at Imperial College, either as the main author or co-author. Parts of this thesis 
contain fragments of some of these publications, which were used for the purpose of illustrating some 
certain sections, without affecting copyrighting issues or novelty of the thesis. I am grateful for the 
opportunity to work in collaboration with the authors listed in the following references, and I sincerely 
acknowledge them all.   
Book chapters 
1. Strapasson, A.B.; Wang, L.; Kalas, N. (2014). Land Use Assessment for Sustainable Biomass. In: 
Biomass Assessment Handbook [Rosillo-Calle, F.; de Groot, P.; Hemstock, S.L.; Woods, J. (Eds)]. 2nd 
ed. Earthscan, London (in press)  
2. Strapasson, A.B.; Ferreira, D.; Durães, F.O.M.; Giuliani, T.Q.; Cassini, S.T.A.; Barbosa, C.M.B.M. 
(2014). Matérias-primas para Biocombustíveis (Biofuels Feedstocks). In: Biocombustíveis no Brasil: 
fundamentos, aplicações e perspectivas (Biofuels in Brazil: fundamentals, applications and 
perspectives) [Perlingeiro, C. (Ed.)]. National Agency of Petroleum, Natural Gas and Biofuels 
(ANP), Rio de Janeiro.  
3. Coelho, S. T.; Strapasson, A.B.; Grisoli, R.; Lucon, O.; Ferreira, D.; Gorren, R.; Coluna, N. (2014). 
Sustentabilidade Ambiental dos Biocombustíveis (Environmental Sustainability of Biofuels). In: 
Biocombustíveis no Brasil: fundamentos, aplicações e perspectivas (Biofuels in Brazil: 
fundamentals, applications and perspectives) [Perlingeiro, C. (Ed.)]. National Agency of Petroleum, 
Natural Gas and Biofuels (ANP), Rio de Janeiro. 
4. Gorren, R.; Coelho, S.T.; Grisoli, R.; Strapasson, A.B.; Lucon, O.; Ferreira, D. (2014). Social 
Sustainability of Biofuels. In: Biocombustíveis no Brasil: fundamentos, aplicações e perspectivas 
(Biofuels in Brazil: fundamentals, applications and perspectives) [Perlingeiro, C. (Ed.)]. National 
Agency of Petroleum, Natural Gas and Biofuels (ANP), Rio de Janeiro.   
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5. Strapasson, A.B.; Ramalho Filho, A.; Ferreira, D.; Vieira, J.N.S.; Job, L.C.M.A. (2012). Agro-
ecological Zoning and Biofuels: the Brazilian experience and the potential application in Africa. 
Book Chapter in: Bioenergy and Sustainable Development: the Role of Sugar Cane in Africa 
[Johnson, F.X.; Seebaluck, V. (Eds.)]. Simultaneously published in the USA and Canada by 
Routledge, Earthscan. Pages 48-65. 
6. Strapasson, A.B. (2010). Building a Low Carbon Society: Lessons from Agriculture. Book chapter 
section in: The Challenge of International and Comparative Law in the Context of Climate Justice 
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House. Bloomington, USA. 
Scientific articles 
1. Pacini, H.; Strapasson, A. (2012). Innovation subject to sustainability: the European policy on 
biofuels and its effects on innovation in the Brazilian bioethanol industry. Journal of 
Contemporary European Research 8 (3), pp. 367‐397.  
Article in preparation 
2. Paper on the limits of bioenergy, addressing the methodological approach used in the global 
calculator for land use, food and bioenergy, among other issues. 
Briefing papers  
1. Strapasson, A.; Kalas, N.; Woods, J. (2014). Briefing Paper on Land, Food and Bioenergy of the 
Global Calculator Project. Paper edition: 8 Aug 2014. UK DECC & Climate-KIC. Available online at: 
www.globalcalculator.org  
2. Kalas, N.; Strapasson, A.; Woods, J. (2014). Definitions of Land Classifications. Paper edition 11 Jul 
2014. Global Calculator Project. UK DECC & Climate-KIC. Available on line at: 
www.globalcalculator.org 
Research reports 
1. Woods, J.; Strapasson, A.; Ravindranath, N.H.; Rack, M. (2014). Optimising the Global 
Environmental Benefits of Transport Biofuels: A STAP Guidance Document for the Global 
Environment Facility (GEF). Imperial College London, Indian Institute of Science at Bangalore. GEF, 
Washington, USA. (in press) 
2. Shah, N., Vallejo, L.,Cockerill, T.,Gambhir, A.,Heyes, A., Hills, A., Jennings, M., Jones, O.,Kalas, 
N.,Keirstead, J.,Khor, C., Mazur, C., Napp, T.,Strapasson, A., Tong, D., and Woods, J. (2013). 
Halving Global CO2 by 2050: Technologies and Costs. Report. Imperial College London. 
3. Woods, J; Rosillo-Calle, F; Murphy, R; Strapasson, A; Burdett, N; Black, M. J. (2011). The 
Availability of Sustainable Biomass for Use in UK Power Generation. Technical report prepared by 
LCAworks (Imperial College) in collaboration with Drax Power Ltd, and presented at the House of 
Commons, London. 
4. Strapasson, A.; Dean, C. (2011). Negative CO2 Emissions Technology: Database and 
Recommendation. Report. Research project commissioned by the UK DECC, and coordinated by 
Nilay Shah and Mark Workman at Grantham Institute for Climate Change, Imperial College 
London, UK.  
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Technical events  
I have also attended many events related to the thesis during the PhD. Those I have attended as speaker 
or organiser are listed below.  
Organisation of events: 
 UNFCCC/COP-20 Side Event of the European Union on ‘Prosperous living in a low carbon world: 
lessons from the Global Calculator’. Organised by the Global Calculator Team. Lima, 2014.  
 Workshop ‘The Role of Bioeconomy in Climate Change Mitigation’. Jointly organised by Climate-
KIC, Grantham Institute and Energy Futures Lab. Imperial College London, 2014.  
 Workshop on Land use, Bioenergy and Food, Global Calculator Project. Organised by Imperial 
College in collaboration with UK DECC and Climate-KIC. Imperial College London, 2014. 
 Workshop on Greenhouse Gas Removals, Global Calculator Project. Organised by Imperial 
College in collaboration with UK DECC and Climate-KIC. Imperial College London, 2014. 
 Annual Meeting of the Imperial College Brazil Forum, with the Brazilian Ambassador in London. 
Imperial College London, 2012. 
 Workshop ‘Sustainable Energy Policy and Economic Growth for the Big Emerging Economies of 
the World’. Organised by the Imperial College Energy Society in collaboration with Imperial 
College Brazil Forum. London, 2012.  
 Seminar ‘Sustainable Biofuels: Recent Developments, International Opportunities’ at Chatham 
House. Event jointly organised by the Embassy of Brazil in Great Britain, Chatham House and 
Imperial College, 2010.  
Oral and Poster Presentations: 
 UNFCCC/COP-20 Side Event of the European Union on ‘Prosperous living in a low carbon world: 
lessons from the Global Calculator’. Speaker on the Land/Bio/Food/GGR model of the Global 
Calculator Project. Lima, 2014. 
 Workshop on Land use, Bioenergy and Food, Global Calculator Project. Speaker on the 
modelling approach of the Land/Bio/Food sector of the Global Calculator and moderator of 
discussion panel. Imperial College London, 2014.  
 Workshop on Greenhouse Gas Removals, Global Calculator Project. Chair of the event. Imperial 
College London, 2014. 
 Oxford Conference on Negative Emission Technologies. Speaker on the GGR model of the Global 
Calculator Project, and poster presentation on the paper ‘Halving Global CO2 by 2050: 
Technologies and Costs’. University of Oxford, 2013.  
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 Biorefinery Conference. Speaker on ‘Learning from creating a world class biofuels industry in 
Brazil’. Danish Parliament, Copenhagen, 2013.  
 3rd Biomass Trade & Power. Speaker on 'Bioelectricity in the UK’, and moderator of a discussion 
panel. Brussels, 2012. 
 Special talk on Agro-ecological Zoning of Biofuels at the World Conservation Monitoring Centre 
(WCMC), United Nations Environment Programme (UNEP), Cambridge, 2012. 
 5th Congress of the Brazilian Biodiesel Network and 3rd Congress of Oil Crops, Oils, Fats, and 
Biodiesel. Speaker on ‘Energy, Natural Resources and International Policy: Challenges for the 
Biofuels Market’, invited by MCTI. Salvador, 2012. 
 CEP Policy Seminar. Speaker on ‘Biofuels: Challenges for a Sustainable Energy Future’. Imperial 
College London, 2012. 
 NEPAD Bioenergy Investment Symposium. Speaker on ‘Land use change, feedstock and spatial 
planning tools’. Johannesburg, 2012.  
 Workshop on Bioenergy and Poverty Reduction, organised by Practical Action. Speaker on 
‘Bioenergy and Poverty Reduction in Developing Countries: Lessons from Brazil’. Rugby, 2011. 
 Internation Energy Agency’s Workshop on Quantifying and Managing Land Use Effects of 
Bioenergy, organised by CTBE. Presentation of the paper abstract ‘cLCA of European biodiesel: 
estimation of key drivers for iLUC and identification of mitigation option’. Campinas, 2011. 
 Workshop "The Economics of Land Use Change and Energy, organised by UK Energy Research 
Council (UKERC) at the University of Oxford. Event panellist. Oxford, 2011.  
 Seminar ‘Sustainable Biofuels: Recent Developments, International Opportunities’. Event 
panellist. Chatham House, London, 2010.   
Other activities relevant to the thesis 
Review of scientific journals  
During the PhD, I worked as reviewer for the following journals: 
 Energy Policy (Elsevier);  
 African Journal of Business Management (AJBM), ISI Indexed Journal;  
 Chemical Engineering Research & Design (ChERD), IChemI, Elsevier;  
 Process Safety and Environmental Protection (PSEP), IChemI, Elsevier;  
 Mathematical and Computational Forestry & Natural Resource Sciences (MCFNS). 
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Imperial College Brazil Forum 
In 2011, I proposed the creation of the Imperial College Brazil Forum50 to the College’s International 
Office and Faculty to serve as a permanent cross-disciplinary virtual board on Brazil, involving academic 
staff, researchers and students from several departments across Imperial. The College fully supported 
the initiative and encouraged me to lead the Forum. Thus, I became its first Chairman from 2011 to 
2013, and have remained as a founder member. The Forum’s aim is to stimulate new academic 
partnerships with Brazil and to promote collaborations between members in several areas, including 
collaborations on bioenergy, particularly with the University of São Paulo (USP) and the State University 
of Campinas (Unicamp). The Forum has Terms of Reference51 which guide and discipline its activities.   
                                                          
50
 See more at: www.imperial.ac.uk/brazilforum 
51
 Terms of Reference available at: https://workspace.imperial.ac.uk/brazilforum/Public/Brazil%20Forum%20ToR.pdf   
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Appendix 2: Global Calculator Project 







Note: See the Global Calculator’s webtool and download its spreadsheet with all the calculations and other supporting 
documents at: www.globalcalculator.org 
 Team members (in alphabetic order by surname): 
 Laura Aylett (UK DECC) 
 Tom Bain (UK DECC) 
 Anindya Bhattacharya (Ernst & Young, India) 
 Zhang Bo (ERI, China) 
 Ephraim Broschkowski (CMF, PIK-Potsdam) 
 Erin Cooper (WRI/Embarq, Washington DC) 
 Michel Cornet (Climact, Belgium) 
 Tom Counsell (UK DECC) 
 Ruth Curran (UK DECC) 
 Davide D’Ambrosio (IEA, Paris) 
 Sophie Hartfield (UK DECC) 
 Bernd Hezel (CMF, PIK-Potsdam) 
 Nicole Kalas (Imperial College London) 
 Benoit Lefevre (WRI/Embarq, Washington DC) 
 Brijesh Manan (Ernst & Young, India) 
 Kerenza McFaul (UK DECC) 
 Julien Pestiaux (Climact, Belgium) 
 Leonard Smith (LSE, London) 
 Anna Stephenson (UK DECC) 
 Alexandre Strapasson (Imperial College London) 
 Erica Thompson (LSE, London) 
 Jeremy Woods (Imperial College London) 
 Markus Wrobel (CMF, PIK-Potsdam) 
Partner institutions to the above listed: 
 World Resources Institute (WRI at Washington DC)  
 International Energy Agency (IEA) 
 PIK-Potsdam, Germany 
 UK Met Office 
 Rothamsted Research 
 University of Reading 
 University of Versailles, France 
 Tyndall Centre 
 University of Oxford 
 Utrecht / Groningen University 
Collaborators with the Land/Bio/Food/GGR sector: 
 Rajiv Chaturvedi (IISc, Bangalore) 
 André Faaij (Groningen University) 
 Salavina Georgieva (Imperial College London) 
 Ana Kojakovic (FAO, Rome) 
 Tim Kruger (University of Oxford) 
 Richard Murphy (University of Surrey) 
 Jan Ole Kiso (UK DECC) 
 Martin Parry (Rothamsted Research) 
 N.H. Ravindranath (IISc, Bangalore) 
 Jansle Rocha (State University of Campinas) 
 Mickhail Semenov (Rothamsted Research) 
 Punitha Silivarajoo (Imperial College London) 
 
*  *  * 
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Figure A1: Organisation of the Global Calculator Project 
  
 
 
